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NOMENCLATURE1" 


A  Absorbance 

A,  Absorbance  of  heavy  water  solution 

A  Absorbance  in  the  i   run  or  of  the  i   solution 

A  .  Absorbance  of  the  j   sample  in  the  i   run 

A  ,  Absorbance  in  the  k*1  trial  of  the  j   sample  in  the  i   run 

A.  Absorbance  of  light  water  solution 

C  Concentration,  moles  per  liter 

C.  Concentration  of  the  i   solution,  moles  per  liter 
D  Absorbed  dose,  rads 

D1  Absorbed  dose  in  material  1,  rads 

D  Absorbed  dose  in  material  2,  rads 

D  Absorbed  dose  in  air,  rads 
a 

D,  Absorbed  dose  in  the  dosimetric  solution,  rads 
d 

D  Absorbed  dose  in  a  material,  rads 
m 

E  Energy  of  incident  neutron,  Mev. 
n 

e  Energy  absorbed  per  gram  of  the  irradiated  sample,  ev.  per  gram 

f .  Fraction  of  energy  deposited  by  a  secondary  charged  particle 

created  in  the  i   interaction 

G  G-value  of  a  product,  molecules  per  hundred  ev. 

G  G-value  of  a  product  due  to  the  energy  loss  of  a  secondary  charged 

particle  created  in  the  i   interaction,  molecules  per  hundred  ev. 


t 


This  nomenclature  is  not  applicable  to  Appendix  E. 
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L        Length  of  optical  path,  centimeters 

M        Mass  of  target  nucleus,  amu 

N        Target  nuclear  density,  number  of  atoms  per  cubic  centimeter 

N,       Deuterium  atom  density,  number  of  atoms  per  cubic  centimeter 
d 

N        Target  nuclear  density  for  the  i   interaction,  number  of  atoms 

per  cubic  centimeter 
N'        Relative  target  nuclear  density 
n        Number  of  molecules  of  the  product  formed  per  gram  of  the  sample 

irradiated,  molecules  per  gram 

R        Sum  of  the  squares  of  the  errors  r 

R        Radius  of  container,  centimeters 
o 

r  Set  of  experimental  errors  in  absorbance  readings 

S  Volumetric  source  strength,  number  of  neutrons  per  cubic  centi- 
meter per  second 

"t"  Student's  t 

e  Extinction  coefficient,  liters  per  mole  centimeter 

9  Angle  of  scattering  in  the  center-of-mass  system,  degrees 

y  Mass  energy  absorption  coefficient,  square  centimeters  per  gram 

p        Mass  energy  absorption  coefficient  of  air,  square  centimeters 
a 

per  gram 

p        Mass  energy  absorption  coefficient  of  dosimetric  solution,  square 
d 

centimeters  per  gram 

\i  Mass  energy  absorption  coefficient  in  a  material,  square  centi- 

m 

meters  per  gram 
p        Density,  grams  per  cubic  centimeter 
p        Density  of  material  1,  grams  per  cubic  centimeter 
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p        Density  of  material  2,  grams  per  cubic  centimeter 

a        Cross-section  for  neutron  interaction,  barns 

a.  Cross-section  for  the  i   interaction,  barns 

o(t)      Differential  cross-section  per  unit  energy  for  an  energy  loss  x, 

barns  per  Mev. 
a  (ft)      Differential  cross-section  per  unit  solid  angle  for  scattering 

in  the  direction  ft,  barns  per  steradian 
a^       Variance  of  the  i   quantity 
x        Energy  of  secondary  charged  particle,  Mev. 
x        Average  energy  of  the  source  spectrum  of  a  secondary  charged 

particle,  Mev. 
t        Average  energy  of  the  source  spectrum  of  a  secondary  charged 

particle  created  in  the  i   interaction,  Mev. 

<i>  Maximum  secondary  neutron  flux,  number  per  square  centimeter 

max 

per  second 
ft        Solid  angle,  steradians 


INTRODUCTION 


This  research  is  in  the  area  of  radiation  chemistry,  which  may  be 
defined  as  the  chemistry  of  reactions  initiated  in  a  system  by  the  passage 
of  ionizing  radiation.  The  immediate  effect  of  passage  of  ionizing  radia- 
tion through  matter  is  the  generation  of  electronically  excited  species  and 
ions.  These  products  are  usually  unstable  and  undergo  a  series  of  trans- 
formations. The  dissociation  of  excited  molecules  and  certain  reactions 
of  ions  lead  to  the  formation  of  free  radicals.  Free  radicals  may  be  de- 
fined as  atoms  or  molecules  having  one  or  more  unpaired  electrons  available 
for  the  formation  of  chemical  bonds.  The  formation  of  free  radicals  is 
followed  by  diffusion  and  chemical  reaction.  Thus,  the  over-all  effect 
of  absorption  of  radiation  energy  is  the  appearance  of  a  new  chemical  by 
transformation  of  a  chemical  initially  present. 

Radiation  chemistry  can  be  said  to  have  originated  with  the  discovery 
of  X  rays  by  Roentgen  and  of  radioactivity  by  Becquerel  shortly  thereafter 
(3) .  One  of  the  earliest  reactions  to  have  been  observed  was  the  action  of 
radiation  from  radium  on  water.  The  first  quantitative  work  seems  to  have 
been  done  by  Lind  (29) ,  who  studied  the  formation  of  ozone  in  oxygen  under 
the  influence  of  alpha  radiation.  Until  about  1942,  radiation  chemistry 
did  not  attract  many  scientists.  Afterwards,  with  the  development  of  atomic 
energy  programs,  a  variety  of  particle  accelerators  and  cheap  artificially- 
made  isotopes  were  made  available  to  the  radiation  chemist.  At  present, 
this  branch  of  science  is  studied  extensively  both  because  of  its  intrinsic 
interest  and  because  of  its  practical  value  in  the  fields  nuclear  energy, 
radiobiology  and  radiation  processing. 


As  already  mentioned,  the  passage  of  ionizing  radiation  through  matter 
triggers  a  number  of  processes.  The  entire  process  can  be  said  to  follow 
a  sequence  of  three  stages:  (a)  the  physical  stage,  (b)  the  physicochemical 
stage,  and  (c)  the  chemical  stage  (32). 

The  physical  stage  consists  of  the  deposition  of  energy  in  the  system. 
Its  duration  is  of  the  order  of  10    seconds.  In  the  physicochemical  stage, 

processes  leading  to  the  establishment  of  thermal  equilibrium  take  place, 
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the  duration  being  of  the  order  of  10    seconds.  The  chemical  stage  con- 
sists of  diffusion  and  chemical  reaction  among  the  reactive  species  and 
terminates  with  the  establishment  of  chemical  equilibrium.  Its  duration 
ranges  from  10   seconds  upwards,  depending  on  diffusion  rates  and  reaction 
rates  of  the  reactants. 

The  analysis  of  the  physical  stage  requires  a  knowledge  of  the  inter- 
actions of  radiation  with  matter  and  the  mechanism  of  slowing-down  of  charged 
particles.  A  detailed  discussion  of  the  interaction  of  radiation  with  matter 
is  beyond  the  scope  of  this  work.   It  is  known  that  charged  particles  cause 
ionization  directly  in  the  medium  through  which  they  pass.  Gamma  rays  and 
X  rays  create  energetic  electrons  by  certain  mechanisms;  ionization  is  caused 
by  these  electrons.  Neutrons  interact  exclusively  with  atomic  nuclei  and 
create  energetic  charged  particles,  neutrons  and  electromagnetic  radiation. 

Charged  particles,  irrespective  of  their  origin,  give  rise  to  a  trail 
of  excited  and  ionized  species  while  slowing  down  in  matter.  Excited  states 
are  produced  when  bound  electrons  in  atoms  and  molecules  gain  energy  and  are 
raised  to  higher  energy  levels.  Ions  are  produced  when  the  energy  gained 
is  sufficient  and  the  transient  excited  states  produced  are  such  that  the 
electrons  are  expelled.  It  is  not  only  the  total  energy  deposited  that  is 


of  interest,  but  also  the  spatial  distribution  of  energy  loss.  The  importance 
of  spatial  distribution  of  energy  loss  can  be  recognized  from  the  fact  that 
the  result  of  energy  deposition  is  the  formation  of  clusters  of  excited  and 
ionized  species. 

The  rate  of  change  of  energy  of  a  charged  particle  with  the  distance 
traversed  by  it  is  termed  linear  energy  transfer  and  is  written  as  LET.  It 
is  also  called  the  stopping  power  of  the  charged  particle  in  the  medium  of 
concern.  LET  has  been  found  to  be  a  useful  parameter  in  the  analysis  of 
chemical  effects  of  radiation. 

The  cluster  of  excited  and  ionized  species  formed  in  the  track  of  a 
charged  particle  is  called  a  spur.  The  basic  view  of  radiation  chemists 
is  that  the  track  of  an  energetic  charged  particle  is  formed  of  a  string  of 
spherically  symmetric  spurs  of  ions  and  excited  species,  which  eventually 
lead  to  the  formation  of  free  radicals.  The  distribution  of  these  spherical 
spurs  along  the  track  is  primarily  determined  by  the  LET  of  the  charged 
particle. 

On  the  tracks  of  low  LET  charged  particles,  the  spurs  are  sufficiently 
separated  and  do  not  interact  with  each  other.  The  mode  of  ionization  caused 
by  low  LET  charged  particles  is  called  spur  ionization.  For  high  values  of 
LET  the  spherical  spurs  are  sufficiently  close  together  that,  over  a  distance 
of  many  spurs,  the  track  becomes  a  cylinder  of  active  species  with  practically 
no  variation  in  concentration  (26) .  The  mode  of  ionization  caused  by  high  LET 
particles  is  termed  columnar  ionization. 

In  the  track  zones  of  charged  particles,  the  concentration  of  free  radi- 
cals is  high;  the  greater  the  LET,  the  greater  is  the  radical  concentration. 


Hence,  radical-radical  reactions  take  place  with  high  probability  in  these 
zones.  As  the  tracks  or  spurs  expand  by  diffusion,  the  radicals  have  a 
chance  to  meet  other  species.  The  yield  from  radical-radical  reactions  is 
usually  called  the  molecular  yield,  while  the  yield  of  radicals  escaping 
into  the  bulk  of  the  medium  is  called  the  free  radical  yield.  From  this 
elementary  picture,  it  may  be  seen  that  a  high  LET  radiation  gives  rise  to 
higher  molecular  yields,  whereas  a  low  LET  radiation  favors  higher  free 
radical  yields.  The  relative  proportions  of  molecular  and  free  radical 
yields  influence  the  final  quantitative  chemical  yield.  Thus,  the  LET  of 
a  particle  affects  the  chemical  yield  resulting  from  the  deposition  of 
energy  by  the  particle.  However,  the  situation  is  not  as  simple  as  depicted 
here.  This  is  merely  a  broad  generalization  to  bring  out  the  importance  of 

LET. 

Among  the  several  factors  which  complicate  the  analysis  of  radiation- 
induced  chemical  effect,  mention  will  be  made  about  one  in  particular.  The 
electrons  ejected  as  a  consequence  of  ionization  caused  by  radiation  may 
themselves  be  sufficiently  energetic  to  produce  further  ionization  and  exci- 
tation. Some  of  these  electrons  will  have  enough  energy  to  travel  far  from 
the  original  site  of  ionization;  they  form  tracks  of  their  own,  branching 
off  from  the  primary  track.  Such  electrons  are  known  as  delta  rays.  It  is 
known  that  high  LET  particles  lose  part  of  their  energy  by  creating  delta 
rays  which  are  generally  low  LET  particles.  Thus,  although  the  high  LET 
particles  primarily  give  rise  to  lower  free  radical  yields,  the  low  LET 
particles  which  are  the  offshoot  of  the  high  LET  particles  tend  to  boost 
the  free  radical  yield.  However,  in  general  it  can  be  said  that  the  chemi- 


cal  change  attributable  to  the  free  radical  yield  will  be  greater  in  the 
case  of  low  LET  radiation  than  that  in  the  case  of  high  LET  radiation. 

The  foregoing  discussion  shows  that  a  knowledge  of  LET  is  a  necessity 
for  the  radiation  chemist.  The  computation  of  LET  is  complicated  by  two 
facts:  (a)  the  LET  is  a  continuously  varying  quantity  and  (b)  the  energy 
lost  by  the  primary  particle  in  a  particular  section  of  the  track  is  not 
necessarily  absorbed  locally,  but  may  be  transferred  in  part  to  delta  rays 
or  to  secondary  electromagnetic  radiation.   Several  authors  have  dealt  with 
the  topic  of  linear  energy  transfer,  prominent  among  them  being  Bethe  and 
Ashkin  (10)  and  Rossi  (35) .  The  theory  section  of  this  thesis  shows  the 
utility  of  LET  in  a  specific  manner. 

The  analysis  of  the  physicochemical  stage  requires  a  knowledge  of  the 
reactions  of  excited  atoms,  molecules  and  ions.  Discussion  of  these  reac- 
tions is  beyond  the  scope  of  this  work.  Reference  (3)  gives  a  good  des- 
cription of  these  reactions.  During  this  stage,  the  excited  species  dis- 
sipate their  energy  by  such  processes  as  bond  rupture,  luminescence,  inter- 
nal conversion  and  energy  transfer. 

Another  phenomenon  of  interest  during  the  physicochemical  stage  is  the 
fate  of  the  low  energy  electrons  produced  simultaneously  with  the  positive 
ions  during  the  physical  stage.  These  electrons  are  born  with  kinetic 
energies  as  low  as  a  few  electron  volts.  These  energies  propel  them  to  a 
short  distance  away  from  the  parent  ion.  At  this  stage,  several  possibili- 

ties  arise. 

Platzman  (33)  has  shown  that  electrons  lose  energy  in  a  medium  much  more 
slowly,  once  they  have  fallen  to  an  energy  below  that  of  the  lowest  excita- 


tion  energy  of  the  atoms  of  the  medium  (about  0.5  to  4  ev.).  These  elec- 
trons have  comparatively  long  lifetimes  and  are  termed  subexcitation 
electrons  (3) .   Subexcitation  electrons  are  likely  to  be  important  in 
systems  containing  one  or  more  minor  components  which  have  a  lower  excita- 
tion energy  than  the  principal  component.   In  such  systems,  radiolytic 
reactions  of  the  excited  minor  component  assume  significance.  Platzman 
has  estimated  that  for  high  energy  radiations  about  15  to  20  percent  of 
the  absorbed  energy  might  be  dissipated  by  the  subexcitation  electrons. 

The  physicochemical  stage  is  followed  by  the  chemical  stage.  During 
this  stage,  the  chemically  reactive  species  undergo  chemical  transforma- 
tions as  they  start  diffusing  away  from  the  track  zones  or  spurs.  Two 
important  problems  associated  with  this  stage  have  been  examined  theoreti- 
cally:  one  of  them  has  to  do  with  the  question  of  the  relative  importance 
of  ionic  against  free  radical  reactions;  the  other  is  associated  with  the 
spatial  inhomogeneity  of  the  initial  distribution  of  reactive  species. 

It  was  thought  in  the  earlier  days  of  radiation  chemistry  that  ions 
were  the  only  active  chemical  species  produced  by  ionizing  radiation.   Sub- 
sequent work  contradicted  this  view  to  such  an  extent  that  it  was  given  up. 
However,  very  recent  experiments  have  proved  that  ions  do  have  a  signifi- 
cant role  in  radiation-reaction  mechanisms.  The  present  belief  is  that 
ionic  reactions  cannot  be  overlooked  in  gas-phase  systems;  but  in  condensed 
systems,  the  main  reactive  species  produced  in  the  physiochemical  stage  and 
which  react  in  the  chemical  stage  are  free  radicals  (27) . 

The  mathematical  analysis  of  radiation-induced  chemical  processes  is  not 
the  same  as  that  used  for  conventional  chemical  processes.   In  a  conventional 


process,  the  concentrations  of  reactants  are  generally  uniform  throughout 
the  entire  volume  of  the  system  and  are  dependent  only  on  the  time  variable. 
In  radiation- induced  processes  in  liquids,  the  concentrations  depend  not 
only  on  time,  but  also  on  position  in  the  system.  The  spatial  and  temporal 
dependences  are  governed  by  factors  such  as  the  type  of  ionization  (spur  or 
columnar),  initial  distribution  of  radicals,  diffusion  coefficients  and 
rate  constants.  The  analysis  of  these  processes  is  known  as  diffusion  kine- 
tics. Several  scientists,  notably  Kuppermann  and  Belford  (26)  have  success- 
fully employed  this  analysis. 

With  the  establishment  of  chemical  equilibrium,  the  radiation-initiated 
processes  come  to  an  end.  The  task  of  the  radiation  chemist  is  to  estimate 
quantitatively  the  chemical  change  induced  by  radiation.  To  aid  quantita- 
tive comparison  of  effects,  reaction  yields  are  expressed  in  terms  of  the 
numbers  of  molecules  converted  per  100  ev.  of  energy  absorbed.  Yields  thus 
defined  are  called  G-values  (3).   Thus,  G(X)  refers  to  the  number  of  mole- 
cules of  a  product,  X,  formed  on  irradiation  per  100  ev.   of  energy  absorbed, 
and  G(-Y)  refers,  in  the  same  way,  to  the  loss  of  material,  Y,  that  is  de- 
stroyed on  irradiation.  The  symbol  G„  is  used  to  denote  the* earliest 
detectable  yield  of  Z,  as  it  emerges  from  the  spurs.  The  use  of  G-values 
has  the  advantage  that  it  does  not  imply  that  the  chemical  action  is  con- 
trolled by  the  number  of  ions  formed.  G-values  have  now  become  the  customary 
means  of  expressing  radiation-chemical  yields. 

The  definition  of  G-value  implies  estimation  of  the  energy  absorbed. 
The  techniques  of  dose  determination  constitute  the  field  of  radiation  dosi- 
metry. Many  techniques  have  been  developed  and  reference  (3)  gives  a  good 
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survey  of  them.  In  chemical  dosimetry,  the  radiation  dose  absorbed  in  a 
system  is  determined  from  the  observed  chemical  change  produced  in  the  sys- 
tem. Of  the  chemical  dosimeters  developed,  the  Fricke,  or  ferrous  sulfate, 
dosimeter  is  probably  the  most  widely  used.  The  reaction  involved  in  the 
Fricke  dosimeter  is<  oxidation  of  an  acid  solution  of  ferrous  sulfate  to  the 
ferric  salt,  in  the  presence  of  dissolved  oxygen  and  under  the  influence  of 
radiation. 

At  present,  the  actions  of  ionizing  radiation  on  a  variety  of  chemical 
systems  is  well  known.  The  radiation  chemistry  of  water  and  aqueous  solu- 
tions has  been  the  subject  of  a  great  deal  of  experimental  and  theoretical 
study.  The  interest  in  water  arises  partly  from  its  relative  simplicity 
and  partly  because  aqueous  systems  are  of  special  interest  in  radiobiology 
and  reactor  technology.  The  development  of  ideas  on  reaction  mechanisms  in 
water  is  described  by  Hart  (18) . 

In  liquid  water,  as  in  any  other  medium,  ionizing  radiation  produces 
excited  and  ionized  species.  The  excited  molecules  may  dissociate  to  form 
radical  pairs  or  ion  pairs  or  may  revert  to  the  ground  state  through  radia- 
tionless  transitions.   It  is  generally  believed  that  ion  pair  formation  is 
the  predominant  effect.  Most  of  the  radical  pairs  formed  by  dissociation 
of  excited  molecules  recombine  without  producing  appreciable  over-all 
chemical  change. 

Mass  spectrometric  analysis  of  irradiated  water  vapor  shows  the  presence 
of  a  variety  of  positive  ions.   It  is  reasonable  to  infer  the  presence  of 
these  ions  in  irradiated  liquid  water  too.  However,  because  of  the  caging 
effect  of  liquid  molecules,  these  ions  undergo  such  transformations  (3)  that 


all  ions,  other  than  H20+,  can  be  ignored  in  the  final  analysis.  Hence, 
the  ionizing  action  in  liquid  water  can  be  represented  by  the  equation: 

H20  ♦  H20+  +  e". 

The  fate  of  the  electron  has  been  subject  to  much  investigation.  If  the 
electron  is  sufficiently  energetic  it  forms  a  delta  track;  if  not,  it  travels 
only  a  short  distance  away  from  the  parent  ion. 

There  are  two  theories  concerning  the  fate  of  this  low  energy  electron 
in  water.  According  to  Samuel  and  Magee  (38),  a  10  ev.  electron  will  travel 
a  distance  of  about  20  X  before  it  reaches  thermal  energy.  At  this  distance, 
the  electron  will  still  be  within  the  electrostatic  field  of  the  positive 
ion.  Hence,  it  will  be  drawn  back  to  the  ion  and  the  ion  will  be  neutral- 
ized. The  product  of  neutralization  is  a  highly  excited  water  molecule  which 
will  dissociate  into  a  hydrogen  and  a  hydroxyl  radical: 

HO  +  e"  *  H20   ■*  H*  +  OH*. 

Thus,  according  to  Samuel  and  Magee,  passage  of  radiation  through  liquid 
water  results  in  spurs  or  columns  of  the  radicals  close  to  the  track;  there 
is  no  difference  in  the  initial  distribution  of  hydrogen  and  hydroxyl  radi- 
cals. 

Platzman  (34)  considered  the  energy  loss  of  a  secondary  electron  and  con- 
cluded that  a  10  ev.  electron  in  water  would  travel  at  least  50  A  from  the 
positive  ion  before  being  reduced  to  thermal  energy.  At  this  distance,  it 
would  essentially  be  free  of  the  electrostatic  attraction  of  the  parent  ion. 
The  electron  becomes  "solvated"  and  retains  this  identity  until  it  enters 
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into  chemical  reactions.  The  term  "solvation"  is  rather  difficult  to  de- 
fine. The  electron  attracts  several  water  molecules  around  it  and  orients 
them  according  to  the  electrostatic  attraction  between  it  and  the  water 
dipoles.   In  chemical  reactions,  a  solvated  electron  acts  like  a  hydrogen 
atom.   (A  solvated  ion,  or  electron  is  considered  to  be  more  reactive  in 
that  it  can  enter  into  endothermic  reactions  by  virtue  of  the  solvation 
energy.)   The  parent  ion  yields  a  hydroxyl  radical  by  neutralization: 

H  0+  +  OH"  "*•  HO  +  OH*. 

Hence,  according  to  Platzman,  the  distribution  of  hydroxyl  radicals  is  dif- 
ferent from  that  of  the  solvated  electrons  or  hydrogen  atoms;  the  hydrogen 
atoms  are  more  spread  out  than  the  hydroxyl  radicals.  This  view  seems  to 

be  plausible  from  the  fact  that  in  most  cases  the  Gu-value  is  higher  than 

n 

the  G0H~value  in  radiolysis  of  water.  The  model  of  Samuel  and  Magee  may 
fit  in  other  systems  in  which  the  migration  length  of  the  electron  is  small. 

The  relative  importance  of  solvated  electrons  and  hydrogen  atoms  has 
been  the  subject  of  a  great  deal  of  study.  At  present,  the  following  con- 
clusions have  been  reached  (39,  3). 

(a)  It  is  established  that  the  primary  reducing  species  in  aqueous 
irradiated  solutions  are  the  solvated  electrons  or,  possibly,  a 
mixture  of  solvated  electrons  and  hydrogen  atoms. 

(b)  In  most  cases,  solvated  electrons  produce  the  same  products  as 
hydrogen  atoms,  the  possible  difference  being  in  the  reaction 
rates. 

(c)  The  pH  of  the  solution  determines  the  relative  importance  of  these 
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two  species.  It  has  been  observed  that,  in  solutions  with  pH 
above  3,  the  solvated  electron  plays  the  major  role.  In  solu- 
tions with  pH  less  than  3,  the  hydrogen  atom  seems  to  be  entirely 
dominant.  This  may  be  due  to  the  transformation  of  the  solvated 
electron  by  the  rapid  reaction: 

e"   +  H+-»-  H*. 
aq 

The  Fricke  dosimetric  solution  has  a  very  low  pH  and  it  is  reasonable 
to  assume  that  the  primary  active  species  remaining  at  the  end  of  the  physi- 
cochemical  stage  are  the  hydrogen  and  hydroxyl  radicals. 

In  the  chemical  stage,  the  radicals  react  among  themselves  or  diffuse 
and  react  with  the  substrate.   In  the  spurs  or  columnar  track  zones,  the 
initial  radical  concentrations  are  high  and  radical-radical  reactions  take 
place  with  great  probability.  The  reactions  are: 

H*  +  OH*  *  H20, 
H*  +  H*  -►  H2, 
and  OH*  +  OH*  ■»■  H^. 

As  the  spurs  or  zones  expand  by  diffusion,  the  radicals  spread  out.  They 
get  more  opportunities  to  react  with  other  species  than  to  react  among  them- 
selves. Hydrogen  and  hydrogen  peroxide  formed  by  the  above  reactions  are 
called  molecular  products.  The  radicals  which  diffuse  and  are  free  to  react 
with  other  species  constitute  the  radical  yield. 

From  the  above  analysis,  it  is  seen  that  the  radiolytic  decomposition 
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of  water  leads  to  the  formation  of  H  ,  H.CL,  H*  and  OH*.   Since,  for  every 

H"  atom  initially  formed  an  OH*  radical  is  formed,  it  should  be  possible  to 

specify  the  decomposition  in  terms  of  either  of  these  two  radicals.  The 

total  yield  of  hydrogen  atoms,  not  including  those  which  recombine  with 

hydroxyl  radicals  to  form  water,  is  the  sum  of  the  radical  yield,  (L,  and 

twice  the  molecular  yield,  G„  .  Hence,  the  decomposition  is  characterised 

H2 

by  the  relationship: 

G-H20  "  GH  +  2GH2  "  G0H  +  2  GH202' 

where  G  „   stands  for  the  net  number  of  water  molecules  decomposed.  The 
-H20 

final  chemical  yield  depends  upon  the  nature  of  the  solute  present,  pH,  pre- 
sence of  oxygen  and  a  host  of  other  factors.  Here,  discussion  is  confined 
to  the  chemical  effect  in  the  Fricke  dosimetric  solution. 

The  oxygen  in  the  Fricke  dosimetric  solution  is  a  very  efficient  sca- 
venger for  hydrogen  atoms,  combining  with  them  to  give  the  perhydroxyl 
radicals.  (Substances  which  have  a  great  affinity  for  a  particular  radical 
and  which  transform  the  radical  speedily  are  called  scavengers.)  The  reac- 
tion is: 

H*  +  02  +  H0*. 

The  HO*  radical  is  not  as  reactive  as  the  H'atom.  It  is,  however,  a  strong 
oxidizing  agent  and  oxidizes  three  ferrous  ions  as  shown  below: 

HO*  +  Fe2+  ■»  Fe3+  +  H0~; 

H0~  +  H+  -*-H202; 


13 


H202  +  Fe2+  +  Fe3+  +  OH-  +  OH*; 

OH*  +  Fe2+  ■*   Fe3+  +  OH~. 

The  OH  ions  are  neutralized  to  form  water. 

The  H202  formed  as  a  molecular  product  in  the  tracks  oxidizes  two  fer- 
rous ions  as  shown  below: 

H2°2  +  Fe2+  *  Fe3+  +  0H~  +  °H* 

OH*  +  Fe2+  ■*■  Fe3+  +  OH-. 

The  OH*  radical  of  the  radical  yield  converts  one  ferrous  ion  by  the 
reaction: 

OH*  +  Fe2+  "►  Fe3*  +  0H~. 

Thus,  the  G-value  for  ferric  ions  in  water  is  related  to  the  G-values 
for  the  free  radicals  and  molecular  products: 

G(Fe3+)  =  3GR  +  2GH2()2  +  G0H. 

Since 

GH  +  2GH2  "  G0H  +  2GH202» 

G(Fe3+)  =  2[2GR  +  GR  ] . 

3+) 
The  G(Fe   -values  in  water  for  several  types  of  radiation  are  tabulated  in 

reference  (3)  . 

The  radiolysis  of  water  by  cobalt-60  gamma  rays  (1.25  Mev.)  has  been 
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3+ 
investigated  by  many  workers  (19,  21,  28).  The  G(Fe  )-value  is  generally 

taken  as  15.5  or  15.6.  In  water,  the  gamma  rays  undergo  Compton  scattering 
and  the  energetic  electrons,  so  formed,  act  as  the  secondary  charged  parti- 
cles. 

The  fast-neutron  radiolysis  of  water  (14.6  Mev.)  has  been  studied 
experimentally  (5,  6).  The  G-value  has  been  reported  as  11.5  +  1.8  in 
reference  (6)  and  as  10.5  +0.2  in  reference  (5).  In  water,  neutrons  react 
with  the  oxygen  and  hydrogen  nuclei  and  give  rise  to  a  variety  of  charged 
particles.  Following  is  a  brief  discussion  of  these  interactions. 

The  interactions  of  neutrons  with  oxygen  nuclei  are:  (a)  elastic  scat- 
tering, (b)  inelastic  scattering,  (c)  (n,p)  reaction  and  (d)  (n,<x)  reaction. 
By  elastic  scattering,  the  neutron  transfers  part  of  its  energy  to  the  oxy- 
gen nucleus.  This  is  a  heavy  charged  particle,  has  a  high  LET  and  loses 
energy  rapidly  by  columnar  ionization.  The  inelastic  scattering  produces 
an  energetic  oxygen  nucleus  and  a  spectrum  of  gamma  rays.  The  gamma  rays 
lose  energy  by  Compton  scattering.  The  (n,p)  reaction  is  represented  by 
the  equations: 

/6V6- 

The  charged  particle  of  importance  is  the  proton.  The  N   nucleus  loses  its 
kinetic  energy  by  columnar  ionization.  The  radioactive  decay  of  N   produces 
a  continuous  spectrum  of  electrons  which  lose  energy  by  spur  ionization.  The 
(n,ct)  reaction  is  represented  by  the  equation: 
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.16  ,   1  .  _13    „  4 
8°   +  On    6C   +  2&  ' 

The  alpha  particle  carries  away  bulk  of  the  energy.  The  carbon-13  nucleus 
loses  its  energy  by  columnar  ionization. 

Neutrons  interact  with  the  hydrogen  nuclei  by  elastic  scattering.  A 
spectrum  of  protons  is  produced.  The  bulk  of  the  energy  lost  by  the  neutron 
is  transferred  to  this  proton. 

The  calculations  of  energy  distribution  are  based  on  first  collision 
density.  The  thickness  of  the  sample  is  assumed  to  be  small  compared  to  the 
mean  free  path  of  the  14.6  Mev.  neutron,  but  large  compared  to  the  ranges 
of  the  secondary  charged  particles.  Table  1,  which  is  taken  from  reference 
(6) ,  summarizes  the  energy  distribution  for  fast-neutron  radiolysis  of 
water.  Considering  only  the  major  energy  carriers,  their  LETs  and  the  re- 
lative amounts  of  energy  carried  by  them,  it  is  possible  to  make  an  estimate 
of  the  G-value  (1) . 

Isotopic  substitution  of  an  element  in  a  compound  produces  certain 
effects  which  may  generally  be  termed  as  isotopic  effects.  The  differences 
arise  in  the  zero  point  energies,  bond  energies,  ionization  potentials  or 
in  certain  nuclear  properties.   It  is  of  interest  to  investigate  the  effect 
on  G-value  of  isotopic  substitution.  Comparison  of  the  radiolysis  of  water 
and  heavy  water  throws  some  light  on  this  aspect.  The  interest  in  the  radio- 
lysis of  heavy  water  is  also  due  to  the  fact  that  heavy  water  is  an  important 
component  in  certain  nuclear  reactor  systems. 

The  G-value  in  heavy  water  for  gamma  radiolysis  has  been  experimentally 
determined  (45,  30,  17).   The  mode  of  interaction  is  Compton  scattering. 
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Compton  electronic  absorption  coefficients  are  independent  of  the  atomic 
number  of  the  stopping  material.  The  electronic  densities  of  water  and 
heavy  water  are  almost  equal.  Hence,  the  energy  loss  per  unit  volume  must 
nearly  be  the  same  in  both  cases.  However,  it  has  been  found  that  the  G- 
value  in  heavy  water  is  about  10  percent  greater  than  that  in  water.  This 
difference  is  thought  to  be  due  to  the  difference  in  the  migration  lengths 
of  electrons  in  the  two  media  (3) . 

It  is  believed  (3)  that,  due  to  the  longer  dielectric  relaxation  time 
in  heavy  water,  electrons  travel  farther  from  the  parent  ion  in  heavy  water. 
This  means  that  the  D'  atoms  are  much  more  spread  out  in  heavy  water  than 
are  the  H* atoms  in  water.  This  naturally  leads  to  a  higher  radical  yield 
and  higher  G-values  in  heavy  water.  According  to  the  Platzman  model,  H 
atoms  are  more  widely  distributed  than  are  the  OH*  radicals.  If  deuterium 
atoms  are  much  more  spread  out,  the  following  relationships  are  to  be 
expected: 

G0D   G0H 
and 

GD202   \0 

GD      GH 
D2      H2 

The  data  from  220  kvp  X-radiolysis  bear  these  relationships  and  thus  lend 
support  to  the  above  view  on  isotopic  effect. 

The  fast-neutron  radiolysis  of  heavy  water  is  the  subject  of  this 
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thesis.  The  interactions  between  oxygen  nuclei  and  neutrons  are  the  same 
as  those  described  in  the  case  of  water.  Fast  neutrons  react  with  deu- 
terium nuclei  in  two  ways:  (a)  elastic  scattering  and  (b)  (n,2n)  reaction. 

The  elastic  scattering  produces  energetic  deuterons  in  a  continuous 
energy  spectrum.  The  neutron  scattering  is  peaked  in  the  forward  direc- 
tion. The  energetic  deuterons  (secondary  charged  particles)  lose  their 
energies  by  ionization  and  excitation  while  slowing  down  in  the  medium. 

The  (n,2n)  reaction  is  represented  by  the  equation: 

H2  +Qn1^1H1  +  2QI11  -  2.23  Mev. 

This  reaction  has  been  investigated  by  many  scientists  (12,  22,  23,  25). 
However,  information  on  the  experimentally  determined  differential  cross- 
sections  are  available  only  up  to  a  proton  emission  angle  of  55  in  the 
laboratory  system  (12).  Rough  calculations,  based  on  this  information, 
showed  that  scattering  into  the  solid  angle  cone  corresponding  to  55 
accounted  for  a  total  cross  section  of  60  millibarns.  On  the  other  hand, 
the  total  cross-section  for  the  above  reaction  is  200  millibarns  as  given 
in  reference  (24) .  Hence,  it  was  concluded  that  the  average  energy  of 
the  protons  cannot  possibly  be  calculated  from  the  available  data  on  dif- 
ferential cross-sections. 

As  a  next  best  alternative,  an  approximate  analysis  of  this  reaction 
was  carried  out  with  the  following  assumptions:  (a)  protons  are  created 
at  an  average  energy  of  4.12  Mev.;  (b)  the  product  neutrons  are  of  equal 
energies,  4.12  Mev.;  (c)  these  neutrons  contribute  to  the  first  collision 
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density;  (d)  all  interactions  of  these  neutrons,  other  than  the  n-d  elastic 
scattering  are  of  negligible  importance;  and  (e)  the  n-d  elastic  scattering 
is  isotropic. 

From  the  foregoing  discussion,  it  follows  that  the  secondary  charged 
particles  created  through  the  (n,2n)  reaction  are  the  protons  with  an  aver- 
age energy  of  4.12  Mev.  and  the  deuterons  with  an  average  energy  of  1.83 

Mev. 

The  uncertainty  in  the  energy  distribution  of  the  (n,2n)  reaction 
introduces  a  corresponding  uncertainty  in  the  estimation  of  the  absorbed 
dose  in  heavy  water  exposed  to  fast  neutrons.  In  view  of  this,  the  results 

of  the  fast-neutron  radiolysis  experiment  are  expressed  (in  this  thesis) 

3+ 
in  a  form  which  will  enable  a  precise  calculation  of  the  G(Fe  ) -value  when 

a  precise  calculation  of  the  energy  distribution  can  be  performed. 

Allen  (1)  has  plotted  the  variation  of  G (Fe3+) -value  in  light  water 
as  a  function  of  the  initial  LET  of  the  secondary  charged  particle  deposit- 
ing its  energy  in  water.  As  far  as  the  chemical  reactions  of  the  free 
radicals  are  concerned,  no  difference  exists  between  the  radiolysis  of 
light  water  and  that  of  heavy  water.   In  this  thesis,  Allen's  plot  is 
utilized  to  make  a  rough  estimate  of  the  G(Fe3+) -value  for  the  fast-neutron 
radiolysis  of  heavy  water.  This  estimate  is  limited  by  two  facts:  (a)  the 
possible  isotopic  effect  is  not  taken  into  consideration  and  (b)  the  energy 
distribution  calculations  are  based  on  the  approximate  analysis  of  the 

(n,2n)  reaction. 

3+ 
In  this  thesis,  the  terms  G-value  and  G(Fe  ) -value  are  used  inter- 

3+ 
changeably.  G-values  for  water  or  heavy  water  refer  to  the  G(Fe  )~ values  in 
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0.8  N  sulfuric  acid  solution  of  water  or  heavy  water.  The  terms  water  and 
light  water  are  used  interchangeably. 
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OBJECTIVE 

The  object  of  this  research  is  to  determine  experimentally  the 
G(Fe  ) -value  for  heavy  water  on  radiolysis  by  14.6  Mev.  neutrons.  A 
comparison  of  the  G-value  estimated  from  theoretical  considerations  with 
the  experimentally  determined  value  is  also  of  interest. 

The  absorbed  radiation  dose  is  determined  with  the  aid  of  a  Fricke 
chemical  dosimeter  and  a  spectrophotometer.   In  order  to  obtain  the 
G-value,  the  following  experiments  are  to  be  performed: 

(a)  Extinction  coefficient  for  ferric  ions:  The  absorbance  of  ferric 
solutions  of  known  concentrations  are  measured  in  the  spectropho- 
tometer and  the  extinction  coefficient  is  obtained  by  applying 
Beer's  law.  Using  this  extinction  coefficient,  the  concentration 
of  any  sample  can  be  determined  by  measuring  its  absorbance.  The 
extinction  coefficients  for  ferric  ions  in  water  and  heavy  water 
are  not  the  same,  but  differ  slightly.  In  this  program,  the 
extinction  coefficient  in  heavy  water  is  not  determined  experi- 
mentally; it  is  calculated  from  the  known  ratio  of  the  extinction 
coefficients  in  the  two  media. 

(b)  G(Fe  )-value  for  heavy  water  on  gamma  radiolysis:   In  order  to 
insure  that  the  experimental  techniques  adopted  are  satisfactory, 
this  G-value  is  determined  and  compared  with  published  results. 
The  absorbed  dose  is  determined  by  measuring  the  chemical  change 
in  the  Fricke  dosimetric  solution,  the  G-values  for  which  is 
known. 
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(c)  G(Fe3+) -value  for  heavy  water  on  fast-neutron  radiolysis:  Water 
and  heavy  water  are  irradiated  with  14.6  Mev.  neutrons  under 
identical  conditions,  so  that  both  are  exposed  to  the  same  aver- 
age flux.   From  the  energy  loss  calculation  based  on  first  col- 
lision density  and  the  absorbances  of  the  irradiated  solutions 
measured  in  the  spectrophotometer,  the  ratio  of  the  G-values  in 
heavy  water  and  light  water  can  be  calculated.  The  result  of 
this  experiment  is  presented  as  the  ratio  of  absorbances  of 
heavy  water  and  light  water  so  that  it  does  not  carry  with  it 
the  uncertainties  associated  with  the  calculations  of  the  energy 
loss  distribution  in  heavy  water. 
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THEORY 

G-values  for  the  radiolysis  of  water  by  a  variety  of  charged  parti- 
cles are  now  known  (3).   It  has  been  observed  that  a  definite  correlation 
exists  between  the  initial  LET  of  a  charged  particle  and  the  G-value  re- 
sulting from  its  passage  through  water.  Allen  (1)  has  plotted  the  G(Fe3+>- 
values  in  the  Fricke  dosimeter  solution  as  a  function  of  the  initial  LET. 
If  energy  is  deposited  through  many  types  of  charged  particles,  the  net 
G-value  is  a  weighted  sum  of  the  G-values  attributable  to  each  type.  In 
this  section,  an  estimate  of  the  G-value  for  fast-neutron  radiolysis  of 
heavy  water  is  made  on  the  basis  of  an  analysis  of  the  physical  stage  of 
the  radiation  chemical  process. 

Fast  neutrons  passing  through  heavy  water  interact  with  the  nuclei 
of  oxygen  and  deuterium.  The  neutron-oxygen  interactions  have  been  an- 
alyzed (6)  for  the  case  of  fast-neutron  radiolysis  of  water;  the  same 
interactions  take  place  in  heavy  water.  The  energy  transferred  via  the 
neutron-deuteron  ineractions  is  estimated  as  follows. 

The  elastic  scattering  of  neutrons  by  deuterons  produces  a  continuous 
spectrum  of  energetic  deuterons.  The  average  energy  of  this  spectrum  can 
be  estimated  from  the  differential  cross-section  data  for  the  elastic 
scattering.   Figure  1,  taken  from  reference  (42),  shows  the  differential 
cross-section  per  steradian  as  a  function  of  the  scattering  angle  in  the 
center-of-mass  system.  These  data  are  for  neutrons  of  energy  14.1  Mev.; 
they  are  assumed  to  be  applicable,  with  reasonable  accuracy,  to  14.6  Mev. 
neutrons.  By  applying  basic  principles,  the  energy  spectrum  and  the 
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average  energy  of  the  dueterons  can  be  evaluated  from  Fig.  1.  The  deriva- 
tion of  the  formula  used  is  indicated  in  Appendix  A.  The  calculated  dif- 
ferential cross-sections  per  unit  energy  for  the  production  of  deuterons 
of  given  energy  are  shown  in  Fig.  2. 

As  mentioned  earlier,  the  (n,2n)  reaction  is  represented  by  the 
equation: 

H2  +  Qn1  ■*■   .jH1  +  2^  -  2.23  Mev. 

On  the  basis  of  the  assumptions  mentioned  in  the  "Introduction"  and  by  the 
application  of  the  principles  of  energy  and  momentum,  it  is  found  that  the 
energy  of  the  proton  is  A. 12  Mev.  and  the  average  energy  of  the  knock-on 
deuterons  (by  elastic  scattering  of  the  neutrons  from  the  (n,2n)  reaction) 
is  1.83  Mev.  The  numerical  results  of  the  analysis  of  the  neutron-deuteron 
interactions  (first  collision  density)  are  listed  in  Table  2. 

The  energy  loss  distribution  for  the  fast-neutron  radiolysis  of  water, 
which  is  listed  in  Table  3,  is  computed  from  the  information  provided  by 
Table  1  (for  the  neutron-oxygen  interactions)  and  by  Table  2  (for  the  neutron- 
deuteron  interactions).   Inspection  of  Table  3  shows  that  more  than  eighty- 
five  percent  of  the  energy  lost  by  the  neutrons  is  carried  off  by  the  secondary 
particles  of  the  fourth,  fifth  and  sixth  interactions  listed  in  Table  3.  As 
a  simplifying  step,  it  is  assumed  that  the  entire  amount  of  energy  lost  by 
the  neutrons  is  lost  via  these  three  interactions.  It  is  further  assumed 
that  the  energy  is  distributed  among  the  secondary  charged  particles  of  these 
interactions  in  the  same  manner  as  that  shown  in  column  5  of  Table  3. 
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Fig.  2.   Plot  of  a(x)  vs.  t  for  n-d  elastic  scattering. 
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On  this  basis,  the  calculated  energy  distribution  among  the  secondary 
charged  particles  is  listed  in  Table  4. 


Table  4.  Fractional  Energy  Deposition  by 
Secondary  Charged  Particles 


Secondary  charged 
particle  i 


deuteron 

alpha 

proton 


Average  energy  of 
the  particle  t  Mev. 


4.9 
7.8 
4.12 


Fraction  of  energy 
deposited  by  particle  f . 


0.595 
0.242 
0.163 


Each  of  these  charged  particles  contributes  to  the  G-value  in  heavy 
water.  The  contribution  of  each  particle  depends  upon  the  initial  LET  of 

the  particle  and  the  fraction  of  energy  deposited  by  the  particle.  Figure 

3+ 
3,  which  is  taken  from  reference  (1)  shows  the  variation  G(Fe  )-value 

with  the  initial  LET  of  the  ionizing  radiation  in  light  water  solution. 

Table  5  is  constructed  with  the  aid  of  Table  4  and  Fig.  3.  This  table  shows 

3+ 
that  the  estimated  G(Fe  ) -value  for  the  fast-neutron  radiolysis  of  heavy 

water  (assuming  the  absence  of  isotopic  effect)  is  8.45.  Table  6,  which 

3+ 
is  similar  to  Table  5,  estimates  the  G(Fe  )  value  in  light  water  for  fast- 
neutron  radiolysis  as  equal  to  10.24.  Therefore,  the  calculated  ratio  of 
the  G-value  in  heavy  water  to  that  in  light  water  is  0.825. 

Experimental  determination  of  G-values  involves  estimation  of  absorbed 
radiation  dose  and  change  in  concentration  of  a  substance  from  the  absorb- 
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3+ 
Table  5.  An  Estimate  of  G(Fe  ) -Value 

for  Fast- 

-Neutron 

Radiolysis  of  Heavy  Water 

Particle            f .        Initial3 
i                 X                      LET 

From 

f .  x  G. 

X             1 

Fig.  3 

ILET  eV' 
A° 

Gi 

Deuteron          0.595        1.47 

8.5 

5.05 

Alpha  particle     0.242        2.04 

7.7 

1.86 

Proton           0.163        0.99 

9.4 

1.54 

Total 

■*■   8.45 

LET  data  taken  from  reference  (7) . 

3+ 
Table  6.   An  Estimate  of  G(Fe  ) -Value 

for  Fast- 

-Neutron 

Radiolysis  of  Light  Water 

a              b 
Particle           f.        Initial 

i                X                           LET 

From 

f .  x  G. 

i    l 

Fig.  3 

ILET^ 
A° 

G. 

i 

Proton           0.844        0.62 

10.7 

9.04 

Alpha  particle     0.156        2.04 

7.7 

1.20 

Total 

■*  10.24 

Taken  from  reference  (15) ♦ 

Taken  from  reference  (7) . 
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ance  readings  of  the  spectrophotometer.  Absorbed  dose  can  be  evaluated 
by  the  application  of  the  principles  of  radiation  dosimetry.  In  the  fol- 
lowing discussion,  based  on  reference  (3),  some  definitions  which  are 
common  knowledge  are  also  included  in  order  to  insure  continuity. 

The  exposure  dose  of  gamma  radiation,  at  a  certain  place  is  a  measure 
of  the  ability  of  the  radiation  to  produce  ionization.  The  unit  of  ex- 
posure dose  for  gamma  or  X  radiation  is  the  roentgen.  One  roentgen  is  an 
exposure  dose  of  gamma  radiation  such  that  the  associated  corpusclar  emis- 
sion per  0.001293  grams  of  air  produces,  in  air,  ions  carrying  one  electro- 
static unit  of  quantity  of  electricity  of  either  sign. 

The  absorbed  dose  of  any  ionizing  radiation  is  the  energy  imparted 
to  matter  by  ionizing  particles  per  unit  mass  of  irradiated  material  at 
the  place  of  interest.  The  unit  of  absorbed  dose  is  the  rad.  One  rad  is 
equivalent  to  an  energy  absorption  of  100  ergs  per  gram. 

The  absorbed  dose  in  air  exposed  to  gamma  radiation  can  be  calculated 
from  the  definition  of  the  roentgen: 

x  roentgcn  .  -^  SlgffX  „  2.082  x  l0>  qgagL ,  34  jsg^ 

,  1.602  „  ID"12  X£$  ,-fcAfcg*!..  0.877  rads. 

If  the  absorbed  dose  in  air  is  known,  the  absorbed  dose  in  any  material, 
for  the  same  exposure  conditions,  can  be  calculated  from  the  equation: 


D  -  D  ^  (1) 

m    a  ufl 
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where  D  is  the  absorbed  dose  in  the  material;  D  is  the  absorbed  dose  in 
m  a 

air;  y  is  the  mass  energy  absorption  coefficient  of  the  material;  and  Ufl 
is  the  mass  energy  absorption  coefficient  in  air. 

In  chemical  dosimetry,  the  absorbed  dose  in  a  material  is  calculated 
from  the  known  absorbed  dose  in  the  dosimetric  solution  by  the  equation: 

D  -  D,  ^  ,  (2) 

m    d  ud 

where  D,  is  the  absorbed  dose  in  the  dosimetric  solution  and  u ,  is  the  mass 
d  a 

energy  absorption  coefficient  of  the  dosimetric  solution. 

Eqs.  (1)  and  (2)  are  applicable  for  irradiation  by  photons.  In  the 
case  of  irradiation  by  neutrons,  the  ratio  of  the  absorbed  dose  rates  in 
two  materials  exposed  to  the  same  neutron  flux  is  given  by  the  equation: 

D1   (Not)1   p2  (3) 

l£  =  (Nax)2  X  p^ 

where  D  is  the  absorbed  dose  in  rads;  p  is  the  density  of  the  material;  N 
is  the  target  nuclear  density;  a  is  the  cross  section  for  neutron  inter- 
action; and  x  is  the  energy  loss  per  interaction.  Subscripts  1  and  2 
refer  to  materials  1  and  2.  Eq.  (3)  is  applicable  for  first  collision  den- 
sity. 

For  any  chemical  system,  the  G-value  is  given  by  the  equation: 

G  =  100  -  ,  (A) 

e 

where  G  is  the  G-value  of  a  product  formed;  n  Is  the  number  of  molecules 
of  the  product  per  gram  of  the  sample  irradiated;  and  e  is  the  energy 
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absorbed  in  electron  volts  per  gram  of  the  sample  irradiated.  But 

.  (ev.)    (ev.)  v  .  ,M   _  in-12  (er^s)   _1_  ftm.  rads 
1  (imO  =  (imj  X  1'602  X  10    (ev.)   X  100   (erg) 

-14 
=  1.602  x  10    rads. 

Therefore,  energy  absorbed  in  rads  ■  1.602  x  10    -g. 

The  number  of  moles  formed  is  related  to  the  absorbance  reading  of 
the  spectrophotometer  by  Beer's  law: 

c  =  -A-  ,  (5) 

e  x  L 

where  C  is  the  number  of  moles  of  the  product  per  liter  of  the  sample;  A 
is  the  absorbance  of  the  sample  due  to  the  product;  e  is  the  extinction 
coefficient  of  the  product  ions  in  the  spectrophotometer;  and  L  is  the 
length  of  the  optical  path. 

If  p  is  the  density  of  the  sample,  then 

23    1 
n  =  C  x  6.023  x  10   x  -^^  x  1/p. 


9.65  x  108 


(6) 


Therefore,  D,  the  energy  absorbed  in  rads  =  -  -  L  -   -  G  . 

In  this  research  the  value  of  L  is  equal  to  one  centimeter.  Therefore, 

Eq.  (6)  simplifies  to  Eq.  (7): 

n   9.65  x  108A  ■  n. 

D  = {I) 

epG 

Eq.  (7)  shows  that  the  absorbed  dose  can  be  estimated  with  the  aid  of  a 

spectrophotometer  if  G  is  known  and  vice  versa. 
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In  the  fast-neutron  radiolysis  experiment,  water  and  heavy  water 
samples  are  exposed  to  the  same  average  neutron  flux  and  their  absorbances 
are  measured.  Using  Eqs.  (3)  and  (7),  it  can  be  shown  that  the  ratio  of 
the  G-values  in  heavy  water  and  water  is  given  by  Eq.  (8): 

G    A    e    I   (Ni0i:fi) 

r~  =  T~  x  T"  x »  (fi) 

u*   AJi   eh   y  (N.a.x.) 
L   i  i  i  , 

h 

where  the  subscript  i  stands  for  the  i   neutron  interaction;  the  subscript 
h  refers  to  properties  corresponding  to  heavy  water;  and  the  subscript  Jl 
refers  to  properties  corresponding  to  light  water. 
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DESCRIPTION  OF  APPARATUS 

The  major  items  of  equipment  used  in  this  research  were  a  neutron 
generator,  a  gamma  irradiator  and  an  ultraviolet  spectrophotometer.  This 
section  contains  brief  descriptions  of  each  item. 

Neutron  generator:  The  neutron  generator  serves  as  a  source  of  fast  neu- 
trons needed  for  fast-neutron  radiolysis. 

There  are  no  long-lived  radioisotopes  that  emit  neutrons  directly 
with  the  exception  of  a  few  isotopes  of  heavy  elements  which  undergo 
spontaneous  fission.  Neutrons  can,  however,  be  produced  by  stopping 
accelerated  positive  particles  or  high-energy  electromagnetic  radiation 
with  suitable  target  materials. 

One  of  the  convenient  nuclear  reactions  yielding  fast  neutrons  is 
the  H  (d,n)He  reaction  represented  by  the  equation: 

H2  +  jH3  •*■   Qn1  +  2He4  +  17.6  Mev. 

In  this  reaction,  tritium  is  the  target  and  the  deuteron  is  the  accelera- 
ted positive  particle.  The  energy  of  the  resulting  neutrons  may  be  deter- 
mined by  applying  the  principles  of  conservation  of  momentum  and  energy. 
A  neutron  emitted  in  the  forward  direction  carries  away  14.7  Mev.  of 

energy. 

For  deuteron  bombarding  energies  up  to  150  kev.,  the  neutron  emission 
is  nearly  isotropic.  The  energy  of  the  neutron  is  a  weak  function  of  the 
angle.  In  this  work,  the  neutrons  are  considered  to  be  monoenergetic  with 
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an  energy  of  14.6  Mev. 

The  yield  of  neutrons  is  a  function  of  the  energy  of  the  incident 
deuteron.  When  thin  targets  are  used,  maximum  neutron  yield  is  obtained 
at  a  deuteron  energy  of  107  kev  (43) . 

The  neutron  generator  of  Kansas  State  University  is  supplied  by 
Texas  Nuclear  Corporation,  and  has  a  nominal  capacity  of  10   neutrons 
per  sec.  The  functions  of  the  generator  are  production,  extraction,  fo- 
cusing and  acceleration  of  deuterium  ions.  The  major  components  of  the 
generator  are  shown  schematically  in  Fig.  4.  Positive  ions  produced  in 
a  radio  frequency  type  ion  source  are  extracted  by  applying  a  potential 
across  the  ion  source  bottle.  The  extracted  ions  are  focused  by  a  gap 
lens.  Then,  the  ions  enter  the  field  of  the  accelerating  tube  where  they 
can  be  accelerated  through  a  potential  of  150  kv.  After  leaving  the  ac- 
celerating tube,  the  ions  drift  through  a  potential  free  region  until 
they  strike  the  target.  A  high  vacuum  is  maintained  in  the  entire  system 
to  minimize  scattering  of  the  ion  beam.  Remote  operating  controls  are 
locate  I  on  a  console.  Photographs  of  the  generator  and  the  control  con- 
sole are  shown  in  Fig.  5  and  Fig.  6  respectively. 

Fig.  7  shows  the  sample  bottles  and  the  sample  holder  used  for  irra- 
diation. The  circular  sample  holder  revolves  at  a  speed  of  3  r.p.m.  This 
ensures  that  all  the  samples  are  exposed  to  the  same  average  flux. 
The  gamma  irradiator:  The  gamma  irradiator  serves  as  a  source  of  gamma 
rays  needed  for  gamma  radiolysis. 

Within  the  last  decade,  artifical  gamma-emitting  radioisotopes  have 
become  available  at  reasonable  cost.  The  most  widely  used  isotope  is 
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Fig.  A.   Schematic  diagram  of  the  neutron  generator. 
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Fig.  6.  A  view  of  the  control  console 
of  the  neutron  generator. 


41 


42 


KING 
KANSAS  SIATl 


^ 


«E 


Fig.  7.   Sample  holder  for  fast-neutron  radiolysis, 
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cobalt-60.  Many  designs  are  available  for  the  source  material  and  the 
associated  shielding.  The  "Gammacell"-220  irradiator  (4000  curies)  of 
Kansas  State  University  is  supplied  by  the  Atomic  Energy  of  Canada,  Ltd., 
and  is  shown  in  Fig.  8.  In  this  design,  the  cobalt  forms  a  hollow 
cylindrical  assembly  into  and  out  of  which  a  sample  chamber  can  be  moved. 
The  period  of  irradiation  can  be  set  exactly  by  a  timer  which  raises  the 
sample  chamber  at  the  end  of  the  pre-set  time. 

The  ultraviolet  spectrophotometer:  The  spectrophotometer  is  used  to 
determine  the  concentration  of  ferric  ions  in  irradiated  Fricke  dosi- 
meter solutions. 

Absorption  spectrophotometry  is  based  on  the  observation  and  compa- 
rison of  absorption  spectra.  The  absorption  spectrum:  is  a  characteristic 
property  of  the  chemical  absorbing  radiant  energy. 

Transmittance  is  defined  as  the  ratio  of  the  energy  transmitted  by 
the  sample  to  the  energy  incident  upon  the  sample.  Absorbance  is  defined 
as  the  negative  logarithm  (to  base  10)  of  the  transmittance.  Quantitative 
spectrophotometry  is  based  on  the  fact  that  absorbance  of  an  absorbing 
material  is  dependent  upon  its  concentration.  If  the  absorbance  is  di- 
rectly proportional  to  the  concentration,  the  system  is  said  to  obey  Beer's 

law. 

The  Beckman  Model  DU  Spectrophotometer  is  useful  in  the  wavelength 
region  of  220  to  1000  millimicrons.  The  function  of  the  spectrophotometer 
is  to  direct  monochromatic  light  on  a  sample  and  to  measure  the  amount  of 
light  transmitted  by  the  sample.  Figure  9  shows  its  major  components  in 
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Fig.  9.   Schematic  diagram  of  the  spectrophotometer. 
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a  schematic  manner. 

Ferric  ions,  in  Fricke  dosimeter  solutions,  exhibit  a  maximum 
absorption  around  a  wavelength  of  305  my.   A  hydrogen  lamp  is  used  as 
the  light  source. 
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EXPERIMENTAL  PROCEDURE 

3+ 
Three  experiments  leading  to  the  determination  of  the  G(Fe  ) -value 

for  fast-neutron  radiolysis  of  heavy  water  were  performed.  This  section 

describes  the  procedures  adopted  for  the  experiments. 

Experiments  in  radiation  chemistry  require  a  high  degree  of  cleanli- 
ness in  the  glassware  used.  The  procedure  for  cleaning  the  glassware  is 
described  below. 

All  glassware  were  thoroughly  cleaned  with  the  aid  of  a  mixture  of 
concentrated  sulfuric  acid  and  potassium  permanganate.  Then  they  were 
washed  with  tap  water.  This  was  followed  by  washing  and  rinsing  with 
distilled  water.  After  drying,  the  openings  of  the  glassware  were  wrapped 
with  paper.   Sample  bottles  used  for  irradiation  were  subjected  to  further 
purification.  Cleaned  sample  bottles  were  rinsed  and  filled  with  specially 
distilled  water  and  were  irradiated  in  the  "Gammacell"  for  about  six  hours. 
After  irradiation,  they  were  emptied,  washed  with  specially  distilled 
water,  dried  and  kept  closed  with  stoppers. 

Extremely  pure  water  is  required  for  the  preparation  of  solutions 
which  are  to  be  irradiated.  Preparation  of  this  water  (termed  specially 
distilled  water  in  this  thesis)  is  described  below. 

The  starting  material  was  distilled  water  made  in  a  Barnstead  still. 
To  this  water,  small  quantities  of  potassium  permanganate  and  potassium 
hydroxide  were  added.  The  water  was  distilled  in  a  laboratory  still 
fitted  with  a  reflux  condenser.  The  distillate  was  redistilled  in  pre- 
sence of  small  quantities  of  potassium  permanganate  and  potassium  bisul- 
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fate.  The  distillate  -  specially  distilled  water  -  was  stored  in  a  well 
stoppered  bottle.  This  water  was  always  prepared  a  few  hours  before  it 
was  needed. 

The  experiments  performed  were:  a)  determination  of  the  extinction 
coefficient  for  ferric  ions  in  water;  b)  determination  of  the  G-value  of 
ferric  ions  in  the  gamma  radiolysis  of  heavy  water;  c)  determination  of 
the  G-value  of  ferric  ions  in  the  fast-neutron  radiolysis  of  heavy  water. 
The  experimental  procedures  are  described  below. 

a)  Determination  of  the  extinction  coefficient  for  ferric  ions  in 
water:  A  set  of  solutions  of  known  ferric  ion  concentrations  were  pre- 
pared, and  their  absorbances  were  measured  in  the  spectrophotometer.  The 
set  of  standard  ferric  solutions  were  prepared  by  mixing,  in  varying  pro- 
portions, a  parent  ferric  solution  with  a  blank  solution.  The  preparation 
of  these  two  solutions  are  described  below. 

Parent  ferric  solution:   The  following  chemicals  were  used: 
Pure  iron  wire:  99.89  %  Fe  . 

6  normal  hydrochloric 

acid:  Made  by  mixing  reagent  grade  hydro- 

chloric acid  with  distilled  water. 
Ammonium  persulfate:      Reagent  grade. 
95-98  %  sulfuric  acid:    Reagent  grade- 
Distilled  water:  Made  in  Barnstead  still. 

About  0.06  grams  of  the  iron  wire  were  weighed  accurately  in  an  elec- 
tronic balance  and  allowed  to  dissolve  in  20  ml.  of  the  hydrochloric  acid. 
About  2  grams  of  the  ammonium  persulfate  were  added  and  the  solution  was 
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warmed.  Then  the  solution  was  transferred  to  a  1000  ml.  volumetric  flask 
to  which  22  ml.  of  the  sulfuric  acid  were  added.  The  solution  was  made 
up  to  1000  ml.  with  the  distilled  water. 

Blank  solution:  All  the  chemicals  excepting  the  iron  wire,  used  in 

the  preparation  of  the  parent  ferric  solution,  were  used.  The  blank 

solution  was  prepared  exactly  in  the  same  manner  as  the  parent  ferric 

solution  was. 

The  parent  ferric  solution  was  about  10   molar  with  respect  to  ferric 
iron.  A  set  of  solutions  in  the  range  of  10~  molar  (ferric)  was  made  by 
dilution  of  this  solution  with  the  blank  solution. 

The  absorbances  of  these  solutions  were  determined  by  comparing  the 
amount  of  light  transmitted  by  each  solution  with  that  transmitted  by  the 
blank  solution.  The  blank  solution  was  placed  in  one  of  the  optical  cells 
of  the  spectrophotometer.  The  ferric  solution  of  known  strength  was  placed 
in  another  cell.  Both  the  cells  were  placed  in  the  cell  compartment  of 
the  spectrophotometer.  The  blank  solution  was  brought  into  the  optical 
path  and  the  needle  of  the  null  meter  was  zeroed  with  the  aid  of  the  sen- 
sitivity control,  the  selector  switch  being  in  the  "check"  position.  Next, 
the  ferric  solution  was  brought  into  the  optical  path,  and  the  null  meter 
was  zeroed  with  the  aid  of  the  transmittance  knob,   the  selector  switch 
being  in  the  "1"  position.  The  reading  on  the  absorbance  scale  and  the 
temperature  of  the  solution  were  noted.  This  procedure  was  repeated  for 
each  ferric  solution. 

The  procedural  details  for  the  use  of  the  spectrophotometer  are  given 
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in  reference  (9) .   Measurements  were  taken  at  a  wavelength  of  305  mu  and 
with  a  slit  width  of  0.1  mm.  The  cell  compartment  was  kept  at  a  tempera- 
ture of  23°-25°C  by  circulating  cooling  water. 

3+ 
b)  Determination  of  the  G-value  of  Fe in  gamma  radiolysis  of_  heavy 

water;  The  experiment  consisted  of  four  stages:  i)   preparation  of  Fricke 
dosimeter  solution  in  light  water,  ii)  preparation  of  dosimeter  solution 
in  heavy  water,  iii)  irradiation  of  light  water  dosimeter  solution  and  mea- 
surement of  its  absorbance  and  iv)  irradiation  of  heavy  water  dosimeter 
solution  and  measurement  of  its  absorbance.  The  procedures  are  given  below, 
i)  Preparation  of  Fricke  dosimeter  solution  in  light  water:  This  was 
prepared  according  to  the  recipe  given  in  reference  (46) .   The 
following  chemicals  were  used: 

Ferrous  ammonium  sulfate  (Fe(NH4)2(S04>2  •  6H20) :  Reagent  grade- 
Sodium  chloride:  Reagent  grade. 

95-98  %  sulfuric  acid:  Reagent  grade- 

Specially  distilled  water:  Prepared  as  described  earlier. 
0.4  grams  of  the  ferrous  ammonium  sulfate,  0.06  grams  of  the 
sodium  chloride  and  22  ml.  of  the  sulfuric  acid  were  dissolved 
in  the  distilled  water  and  the  solution  was  made  up  to  a  liter 
with  the  distilled  water.  The  solution  was  stored,  away  from 
sunlight,  in  an  amber  colored  bottle, 
ii)  Preparation  of  dosimeter  solution  in  heavy  water:   This  solution 
was  prepared  in  the  manner  described  under  (i)  with  the  varia- 
tion that  99.5  percent  heavy  water  (purchased  from  Matheson 
Coleman  and  Bell)  was  used  in  place  of  the  specially  distilled 
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water, 
iii)   Irradiation  of  dosimeter  solution  in  light  water  (i)  and  measure- 
ment of  absorbance:   A  pre-irradiated  sample  bottle  was  filled 
with  the  solution  and  placed  in  the  sample  chamber  of  the  "Gamma- 
cell".  A  sample  holder,  to  make  the  center  of  the  bottle  coincide 
with  the  center  of  the  sample  chamber,  was  used.   The  sample  was 
irradiated  for  three  minutes.   Its  absorbance  was  measured  by 

comparison  with  a  non-irradiated  sample  of  the  solution.   The 

4 
nominal  absorbed  dose  was  10  rads. 

iv)   Irradiation  of  dosimeter  solution  in  heavy  water  (ii)  and  measure- 
ment of  absorbance:   The  procedure  adopted  was  exactly  the  same 

as  that  adopted  in  (iii). 

3+ 
c)   Determination  of  the  G-value  of  Fe   in  fast-neutron  radiolysis 

of  heavy  water:   Dosimeter  solutions  in  light  water  (b-i)  and  heavy  water 
(b-ii)  were  irradiated  simultaneously  under  identical  conditions  by  the 
neutron  generator.   Identical  conditions  of  irradiation  were  ensured  by 
placing  the  bottles  on  a  revolving  sample  holder  (Fig. 7)   and  keeping 
them  as  close  to  the  target  as  possible.  After  irradiation  for  eight  hours, 
the  absorbances  of  the  samples  were  compared  with  those  of  the  correspond- 
ing non-irradiated  samples .   In  each  run,  three  samples  of  light  water  and 
three  samples  of  heavy  water  were  irradiated.   The  nominal  absorbed  dose 
was  200  rads.  Operating  instructions  for  the  neutron  generator  are  given 
in  reference  (44) . 
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PRESENTATION  OF  DATA  AND 

DATA  ANALYSIS 

The  data 

collected  from  the  experiments  were 

analyzed  to  arrive  at 

the  results:  a)  best 

value  of  the  extinction  coefficient 

for  Fe   ions 

in  the  Fricke 

dosimetric  solution;  b)  the 

ratio  of 

3+  ' 
the  G(Fe  ) -values  in 

heavy  water  and  light 

:  water  solutions  for 

cobalt-60  gammf 

i  radiolysis;  and 

c)  best  value 

of  the 

ratio  of  absorbances 

of  heavy 

■  water 

and  light  water 

for  fast-neutron  (14. 

6  Mev.)  radiolysis. 

a)  Extinction 

3+ 
Coefficient  for  Fe 

Ions  in 

the  Fricke  Dosimetric 

Solution 

Table  7  lists  the  absorbances  of  the 

standard 

i  ferric 

:  solutions  as 

measured  in  the  spect 

:rophotometer.  The  variation 

of  absc 

irbance  with  con- 

Table  7.  At 

isorbances  of  Standard 

i  Ferric 

a 
Solutions 

No. 

i 

Concentration 
of  solution 

moles  (Fe) /liter 

C. 

i 

Absorb  ance 
of  solution 

A. 

i 

1 

5.981  x  10~4 

1.232 

2 

2.991  x  10_A 

0.634 

3 

2.617  x  10~4 

0.547 

4 

2.243  x  10~4 

0.468 

5 

1.869  x  10"4 

0.387 

6 

1.495  x  10"4 

0.316 

7 

1.197  x  10"4 

0.262 

Temperature, 
ment  model . , 

...24  C;  wave  length... 305  my 
, .Beckman  DU  Model  2400- 

i;  slit  width. . . 

0.1  mm. ;  instru- 
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centration  is  shown  in  Fig.  10.  This  straight  line  plot  shows  that  in  the 
concentration  range  represented  by  the  points  2  through  7,  the  absorbance 
of  a  solution  is  predictable  by  Beer's  law.  The  scatter  of  point  1  shows 
that  deviations  from  Beer's  law  occur  as  the  concentration  is  increased. 
Such  deviations  are  caused  by  one  or  more  effects  coming  into  play  at  higher 
concentrations.  Hydrogen  bonding,  ion  pair  formation,  solvation  and  other 
physical  or  chemical  interactions  alter  the  simple  relationship  between 
the  absorbance  and  the  concentration  of  a  solution. 

According  to  Beer's  law,  the  extinction  coefficient  is  given  by 
Eq.  (5): 


C  = 


(5) 


e  x  L 


In  this  experiment  L  was  equal  to  one  centimeter.  A  best  value  for  the 
extinction  coefficient  was  calculated  by  a  least  squares  analysis  of  the 
data  points  2  through  7.  The  method  is  indicated  in  Appendix  B.  The 
best  value  for  the  extinction  coefficient  was  found  to  be  equal  to 

2103  +  27  yers   at  24°C. 

—    mole.  cm. 

The  extinction  coefficient  has  a  temperature  coefficient  of  +  0.7 
percent  per  degree  centigrade  (19,  20).   It  also  depends  to  some  extent 
on  the  particular  instrument  used. 

The  value  for  the  extinction  coefficient  of  FeJ  ions  in  heavy  water 
solutions  was  calculated  from  the  published  value  (31)  of  the  ratio  of 
the  extinction  coefficients  in  heavy  water  and  light  water  solutions. 
This  ratio  is  equal  to  1.068  +  0.004  at  25°C  (  A  Carey  recording 
spectrophotometer  was  used  for  this  experiment.  No  information  as  to 
how  the  error  was  estimated  is  available) . 
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Data  taken  from  Table  7 
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3+ 

b)  The  Ratio  of  the  G(Fe  ) -Values  in  Heavy  Water  and  Light  Water 

Solutions  for  Cobalt-60  Gamma  Radiolysis 

The  raw  data  of  absorbances  of  the  irradiated  solutions  of  light  water 
and  heavy  water  are  listed  in  Tables  C-l  and  C-2  respectively  in  Appendix 
C.  The  mean  value  of  the  absorbance  of  the  light  water  solution  was  0.4466 
while  the  corresponding  figure  for  the  heavy  water  solution  was  0.4922. 

The  absorbed  dose  in  light  water  solution  was  calculated  with  the  aid 
of  Eq.  (7),  using  a  value  of  15.5  for  G.  The  absorbed  dose  in  air  was  cal- 
culated using  Eq.  (1).  The  exposure  dose  in  air  was  obtained  by  dividing 
the  absorbed  dose  in  air  by  0.877.  The  absorbed  dose  in  heavy  water  was 
calculated  again  using  Eq.  (1).  From  the  measured  absorbance -and  the  cal- 
culated absorbed  dose,  the  G-value  was  calculated  using  Eq.  (7).  The 

numerical  calculations  are  given  in  Appendix  C. 

3+ 
The  G(Fe  ) -value  for  gamma  radiolysis  of  heavy  water  was  found  to 

be  equal  to  16.76  and  the  ratio  of  the  G-values  in  heavy  water  and  light 

water  solutions  was  found  to  be  equal  to  1.084.   Since  only  two  runs  were 

made  with  heavy  water,  no  error  analysis  is  presented. 

c)  Ratio  of  Absorbances  of  Heavy  Water  and  Light  Water  for  Fast- 
Neutron  (14.6  Mev.)  Radiolysis 

The  raw  data  of  absorbances  of  light  water  and  heavy  water  are  pre- 
sented in  Table  D-l  of  Appendix  D.  These  data  were  subjected  to  a  statis- 
tical analysis  to  find  the  best  values  of  absorbances  for  each  run.  A 
sample  calculation  of  this  analysis  is  presented  in  Appendix  E.   Table  8 

lists  the  best  values  of  the  absorbances  of  light  water  and  heavy  water  and 

\ 
the  ratio  of  the  absorbances  (— )  . .  Run  2  was  abandoned  owing  to  unsatis- 
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factory  operating  conditions  of  the  neutron  generator.  The  spread  in  the 

A 
values  of  ("T~").  is  probably  due  to  the  absorbance  readings  falling  in  a 

ASL   i 
range  which  is  far  from  the  optimum  reading  range  of  the  spectrophotometer. 


Table  8.   Absorbances  in  Fast-Neutron  Radiolysis 


Run  No. 

i 

Mean  absorbance 
in  light  water 

Mean  absorbance 
in  heavy  water 

<Vi 

Ratio  of 

mean  absorbances 

Wi 

1 

0.0435  +  5.3 

% 

0.0437  +  4.6  % 

1.005  +  9.9  % 

3 

0.0484  +  1.7 

% 

0.0466  +  1.1  % 

0.963  +  2.8  % 

4 

0.0564  +  2.0 

% 

0.0578  +  1.7  % 

1.03  +  3.7  % 

5 

0.0723  +  1.4 

% 

0.0684  +  1.5  % 

0.946  +  2.9  % 

6 

0.0591  +  1.5 

% 

0.0572  +  2.6  % 

0.968  +  4.1  % 

Obtained  from  raw  data  (Appendix  D)  and  statistical  analysis  (Appendix  E). 
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The  best  value,  7^  ,  was  calculated  by  the  method  of  weighting  the 

K  l  \ 

(—)  .   values  with  their  variances  (2).  Thus,  —  is  given  by  the  equation: 
h   1  Al 


A„ 


a2   V1 

1 


I  (rh 


A, 


where  a.   is  the  variance  of  (7-)..  The  variance  of  the  best  value  is  equal 


V1 


to 


J4 


.  Using  the  appropriate  "t"  value  for  the  95  %  confidence  limit, 


a . 

1 
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A. 

the  value  of  —was  found  to  be  0.970  +  0.0432  (i.e.  for  95  %  confidence). 

The  results  of  the  experiment  are  discussed  in  the  following  section. 
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RESULTS  AND  CONCLUSIONS 


3+ 
a.  Extinction  Coefficient  of  Fe   Ions  in  0.8  N  H^O^  Solution 


Table  9  lists  the  values  of  the  extinction  coefficient  determined  in 
other  laboratories  along  with  the  value  obtained  in  this  research  corrected 
to  25°C. 

Table  9.  Comparison  of  the  Values  of  the  Extinction  Coefficient 
for  Fe3+  in  0.8  N  H2S04  at  25°C  (1) 

Value  of 

Source extinction  coefficient 


Argonne  National  Laboratory  2225 

Brookhaven  National  Laboratory  2195 

Cambridge  University  2161 

This  Research  2118 


The  result  obtained  in  this  research  is  slightly  lower  than  the  values 
with  which  it  is  compared.  As  stated  earlier  the  value  depends  to  some 
extent  on  the  particular  instrument  used.  The  wavelength  at  which  the 
absorption  by  ferric  ions  is  greatest  is  in  the  range  of  302-305  my  depend- 
ing upon  the  instrument  calibration.  Wavelength  calibration  was  not  per- 
formed in  this  research.   Experimentally  determined  G-values  in  this 
research  do  not  depend  upon  the  absolute  value  of  the  above  extinction 
coefficient. 

As  stated  earlier  this  extinction  coefficient  has  a  large  temperature 
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coefficient.  According  to  Hochanadel  and  Ghormley  (21)  the  extinction 
coefficient  at  275  mu  is  almost  independent  of  temperature  and  its  value 
is  1830.  A  low  value  of  extinction  coefficient  necessitates  longer  irra- 
diation periods;  hence  this  wavelength  is  not  very  attractive. 

Scharf  and  Lee  (41)  have  recommended  making  measurements  at  224  mu. 
The  value  of  the  extinction  coefficient  at  this  wavelength  is  4565,  en- 
abling smaller  doses  to  be  measured.  The  temperature  coefficient  is  smaller 
too  (+  0.1%).  However,  in  the  model  DU  spectrophorometer  used  in  this 
research,  this  could  be  achieved  only  with  very  high  sensitivity  settings 
leading  to  undesirable  amount  of  fluctuations  of  the  needle  of  the  null 
meter. 

b.  Ratio  of  G(Fe3+) -Values  in  Heavy  Water  and  Light  Water  for  Cobalt-60 
Gamma  Radiolysis 

Table  10  lists  the  values  of  this  ratio  determined  by  other  workers 
along  with  the  one  obtained  in  this  research. 

Table  10.  Comparison  of  the  Ratio  of  G-Values  for  Gamma  Radiolysis 

Source  Ratio  — 

G£ 


Hardwick  (17)  1.093 

Mahlman  and  Boyle  (30)         1.072 
This  Research  1.084 
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Table  10  shows  that  the  result  obtained  in  this  research  compares 

favorably  with  others,  indicating  that  the  experimental  techniques  adopted 

Gh 
were  satisfactory.  The  divergence  of  7—  from  unity  has  been  tentatively 

GJl 
attributed  to  the  longer  dielectric  relaxation  time  in  D20  than  in  "A^O 

which  might  allow  the  electron  to  diffuse  further  from  the  track,  leading 
to  a  broader  distribution  of  D  atoms  in  D-0  than  of  H  atoms  in  H.O.  An- 
other possible  cause  may  be  that  the  extent  of  recombination  reaction, 
D  +  OD  -*•  D.O,  in  D_0  may  be  less  than  the  extent  of  the  reaction  H  +  OH 
+  H20  in  H20. 

The  experimental  techniques  are  simplified  to  some  extent  by  the 
flexibility  offered  by  the  Fricke  dosimetric  solution.  The  presence  of 
a  small  amount  of  chloride  in  the  dosimetric  solution  inhibits  the  oxida- 
tion of  ferrous  ions  by  traces  of  organic  impurities  because  halide  ions 
can  enter  into  rapid  electron  transfer  reactions  (3)  with  hydroxyl  radicals 
as  represented  by  the  equation: 

OH*  +  ca~  +   H+  ■*  CI'  +  11,0. 

The  chloride  oxidizes  one  ferrous  ion  just  as  the  OH*  radical  would  have 
in  the  absence  of  organic  impurities: 

2+     3+ 

cr  +  Fe   +  Fe   +  Cl   . 

The  addition  of  chloride  is  unnecessary  if  both  the  water  and  the  reagents 
used  are  purified  exhaustively. 

The  response  of  the  Fricke  dosimeter  is  independent  of  the  dose  rate 
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up  to  about  107  rads  per  second  (36,  4).    The  response  is  independent 
of  the  ferrous  ion  concentration  between  5  x  10   and  10   molar  (47,  21) 
and  of  sulfuric  acid  concentration  between  1.5  and  0.1  N  (13).  However, 
these  concentrations  have  to  be  kept  at  the  same  values  for  all  the  experi- 
ments because  the  density,  the  energy  absorption  coefficient  and  the  extinc- 
tion coefficient  are  affected  by  these  concentrations. 

The  yield  of  the  dosimeter  is  not  significantly  affected  by  the  tempera- 
ture of  the  solution  during  irradiation  in  the  range  of  temperatures  from 
0°  to  65°C  (21,  40). 

Many  types  of  chemical  dosimeters  have  been  developed  (3) .  The  Fricke 
dosimeter  was  used  in  this  research  because  it  has  been  extensively  used 
and  the  response  found  to  be  reproducible.  Axtmann  and  Licari  (6)  think 
that  more  sensitive  chemical  dosimeters-  i.e.,  the  quinine  dosimeter  pro- 
posed by  Barr  and  Stark  (8),  might  serve  better  especially  at  very  low 
dose  rates. 

c.  The  Ratio  of  G(Fe3+) -Values  in  Heavy  Water  and  Light  Water  for  Fast- 
Neutron  Radiolysis. 

The  result  of  the  fast-neutron  radiolysis  experiment  was  presented 

A. 
as  the  ratio  of  the  absorbances,  — ,  because  of  the  uncertainties  in  cross- 

sections  for  the  neutron  interactions  and  in  the  calculations  of  energy 
loss  distribution  (Table  2) .  Axtmann  and  Licari  (6)  estimate  a  10%  un- 
certainty in  the  cross-sections  for  neutron  interactions  in  light  water. 
A  10%  uncertainty  in  the  cross-sections  for  neutron  interactions  in  heavy 
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water  is  assumed.  The  ratio 


I  Wi'j 


(N\o,tJ 
h 


I   ^iVi 
can  be  written  in  the  form: 


I  »i'iVh  *  I  <ViTi>h0 +  [  <ViV 


where  (Not)   represents  neutron  interactions  with  the  oxygen  nuclei 
i  i  i 

in  water; 

(Not)   represents  neutron  interactions  with  the  hydrogen  nuclei 
i  i  i 

AH 

in  water; 


(NjO.t.)   represents  neutron  interactions  with  the  oxygen  nuclei 
in  heavy  water;  and 


111h0 


(Not)   represents  neutron  interactions  with  the  deuterium  nuclei 
i  i  i 
1  1  x   hD 

in  heavy  water. 
Using  this  form,  it  can  be  shown  that  the  relative  uncertainty  in  the  quan- 
tity 


I 


V  (N.O.T.) 
I      i  i  i 

r  (N.O.T.) 

is  4.2%.  The  ratio  of  the  G-values  is  given  by  Eq.  (8): 

V  (N.O.T.) 
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A. 

Using  the  experimentally  determined  value  of  —  and  neglecting  the  uncer- 

££  '  Gh      * 

tainty  in  the  ratio  —  ,  the  value  of  —  turns  out  to  be  1.059  +  0.092 

eh  £ 

The  theoretically  estimated  value  of  the  ratio,  assuming  the  absence  of 

the  isotopic  effect,  is  0.825.  The  fast-neutron  radiolysis  experiment  has 
not  been  performed  by  others.  Hence,  a  comparison  of  results  is  not  pos- 
sible. 

The  fairly  low  amount  of  scatter  in  the  raw  data  (Appendix  D)  shows 
that  all  the  samples  were  exposed  to  the  same  average  neutron  flux.  The 
only  drawback  of  this  experiment  was  the  relatively  low  absorbed  dose 
(^  300  rads)  leading  to  low  absorbance  readings  in  the  spectrophotometer. 
It  was  not  possible  to  increase  the  dose  rate  because  the  shielding  of  the 
neutron  generator  is  not  adequate  to  permit  larger  fluxes.  The  duration 
of  irradiation  was  eight  hours  and  nothing  substantial  can  be  gained  by 
increasing  this  period  because  the  life  of  the  tritium  target  used  falls 
exponentially  with  time.   Instead  of  the  six  samples  used,  had  only  one 
sample  been  irradiated  by  tying  it  to  the  target,  the  absorbed  dose  would 
have  been  much  higher.  However,  the  neutron  flux  will  have  to  be  measured 
by  some  other  method  and  it  is  believed  that  the  final  results  will  not  be 
better  than  what  have  been  obtained. 

The  lower  limit  to  the  absorbed  dose  in  the  Fricke  dosimeter  is  the 
dose  that  produces  sufficient  ferric  ion  concentration  to  be  accurately 
measured.   Even  though  low  absorbances  can  be  measured  by  taking  sufficient 
care,  the  desirable  absorbance  range  is  around  0.5  for  a  photoemissive 
noise-limited  type  spectrophotometer.  Theoretically  speaking,  the  absor- 
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bance  readings  can  be  shifted  either  by  altering  the  cell  thickness  (L) 
or  by  inserting  a  filter  in  the  optical  path. 

Low  absorbed  doses  can  be  satisfactorily  measured  by  increasing  the 
sensitivity  of  the  analytical  method.   In  the  photometric  method,  this  can 
be  achieved  by  making  a  derivative  of  ferric  ion  that  has  a  higher  extinc- 
tion coefficient  than  the  ferric  ion.  Ehrenberg  and  Saeland  (14)  used 
the  thiocyanate  complex  (e  =  8500  at  465  mu) .  The  convenience  aspect  of 

this  method  has  to  be  studied.  Rudstam  and  Svedberg  (37)  were  able  to 

59 

measure  doses  of  1  to  100  rads  to  better  than  2  rads  by  adding  Fe  '  to  the 

dosimeter  solution  as  a  radioactive  tracer  and  subsequently  isolating  and 
counting  the  ferric  ions  formed.  This  method  seems  to  be  attractive  but 
needs  careful  calibration  and  standardization  of  techniques. 

Another  way  of  overcoming  the  problem  of  low  absorbed  dose  is  to 
employ  sensitive  dosimeters.  Reference  (3)  gives  a  comparative  study  of 
the  chemical  dosimeters.  The  aqueous  quinine  sulfate  system  (as  mentioned 
earlier)  and  the  aqueous  calcium  benzoate  system  (3)  bid  fair  to  be  useful 
as  dosimeters  for  low  doses.  Fluorescence  detectors  have  to  be  employed 
for  measuing  the  absorbed  dose  with  these  dosimeters. 

The  isotopic  effect  in  heavy  water  is  at  present  being  studied  by 
many  scientists.  In  this  thesis,  no  attempt  is  made  to  deal  with  this 
topic  (though  it  is  mentioned  frequently!)  because  of  the  following  reasons: 

a)  Physical  properties  like  dielectric  constant,  diffusion  rates  and 
reaction  rates  are  not  known  to  the  extent  of  certainty  desired; 

b)  The  identity  of  species  formed  during  the  physical  and  physico- 
chemical  stage  of  the  radiation-chemical  process  is  not  established 
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beyond  doubt;  and 
c)   the  accuracy  of  dosimetric  methods  is  subject  to  further  improve- 
ment. 

The  rather  large  discrepancy  between  the  predicted  and  experimentally 

Gh 
determined  values  of  the  ratio  —  remains  to  be  explained.  The  isotopic 

Gl 
effect  is  expected  to  increase  the  predicted  value  and  thus  reduce  the  dis- 
crepancy. There  is  an  uncertainty  in  the  calculations  of  energy  loss  distri- 
bution in  heavy  water  due  to  the  reasons  stated  in  the  "Introduction".  It 
is  believed  that  the  average  energy  of  the  secondary  protons  created  in  the 

(n,2n)  reaction  may  be  higher  than  A. 12  Mev.  (Table  2).  If  this  turns  out 

Gh 
to  be  the  case,  then  the  experimental  values  of  —  will  be  decreased  and 

the  predicted  value  will  be  increased,  again  reducing  the  discrepancy. 

The  cause  of  the  isotopic  effect  is  not  known  clearly  at  present. 

It  may  turn  out  that  the  shape  of  the  curve  in  Fig.  3  may  be  quite  different 

for  the  case  of  heavy  water,  particularly  in  the  case  of  densely  ionizing 

radiation.  In  stating  this,  the  writer  is  merely  hinting  at  a  possibility. 
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APPENDIX  A 

Average  Energy  of  the  Deuteron  Source  Spectrum 

The  differential  cross-section  (for  elastic  scattering)  per  unit  energy 
is  related  to  the  differential  cross-section  per  steradian  by  the  equation: 

o(t)  dt  -  o(ft)  dft.  (A-l) 

where  o(t)  is  the  differential  cross-section  per  unit  energy  for  an  energy 
loss  t  and  a (ft)  is  the  differential  cross-section  per  steradian  for  scat- 
tering in  the  direction  ft.   (It  is  stipulated  that  dt  in  energy  corresponds 
to  dft  in  direction  for  elastic  scattering.) 

For  azimuthally   symmetric  scattering,  dft  is  given  by  the  equation: 

dft  =  2it  sine  d0,  (A-2) 

where  6  is  the  angle  of  scattering  in  the  center-of-mass  system.  The 
energy  loss,  t,  is  related  to  the  angle  of  scattering  by  the  equation  (based 
on  conservation  laws) : 

t  =  E  2*L-r  d  _  cose).  (A-3) 

n  (M  +  ir 


where  E  is  the  energy  of  the  incident  neutron  and  M  is  the  mass  of  the 
target  nucleus  (deuteron) .   Hence 

2M 

dx  -  E  — — r  sine  d6.  (A-4) 

n  (M  +  IV 


Substituting  Eq.  (A-2)  and  Eq.  (A-4)  in  Eq.  (A-l), 
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.(,).. «b  i&SZ^i.  CA-5) 


E    2M 
n 


Here 


E  =  14. 6  Mev.  and  M  =  2; 

D 


therefore 


,  n   a(Q)  x  2tt  x  9 
r(T>  =    14.6  x  4 


and 


t  =  14.6  x  |-  (1  -  cos6). 

Using  the  above  relationships  and  the  data  in  Fig.  1,  o(t)  can  be  plotted 
as  a  function  of  t. 

The  average  energy  loss  is  given  by  the  equation: 


T  = 


r 
to(t)  dT 


o(t)  dx 


(A-6) 


T  is  evaluated  by  graphical  integration.  The  limits  of  integration  (based 

on  conservation  laws)  are  T  .   and  T    ,  where  t     is  equal  to  zero 

min .      max .         win . 

4M 
and  t     equals  r  E  . 

maX'        (M+  l)2  n 

The  value  of  x  works  out  to  be  4.9  +  0.1  Mev. 
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APPENDIX  B 
Determination  of  a  Best  Value  of  the  Extinction  Coefficient 

A  best  value  for  the  extinction  coefficient  is  arrived  at  by  applying 
the  method  of  least  squares.  In  the  following  discussion,  standard  matrix 
notation  is  used  to  represent  the  sets  of  absorbances  and  concentrations. 

The  concentration,  C,  and  the  absorbance,  A,  are  related  by  Beer's 
law: 

•  {C}  -  {A}  ,  (B-l) 

for  unit  cell  thickness.   If  {r}  is  the  experimental  error,  Eq.  (B-l)  be- 
comes : 

£{C}  =  {A}  +  {r}  .  (B-2) 

If  R  is  the  magnitude  of  the  sum  of  the  squares  of  the  errors,  R  is  given 
by  the  equation: 

R  =  [r]{r}  =  (e{c}  -  {A})T(e{c}  -  {a}).  (B-3) 

Postulating  that  R  should  be  a  minimum,  the  best  value  of  e  is  given  by 
the  equation: 

e[C]  {c}  =  [A]{C}  .  (B-4) 

Therefore,  the  best  value, 

ICA^.) 

e  = V"  •  <B"5) 
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The  error  in  this  value  can  be  shown  to  be  equal  to  ~~ZZI  •     Th-us>  the 

n  M        __     liters      V  I(cn-  ) 
calculated  value  of  £  is  2103  +  27  (mole)(cm.)   •        x 
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APPENDIX  C 

Table  C- 

-1. 

Raw  Data 

and  Calculations  of  Gamma  Radiolysis 

Absorbance 

,  a 
in  Fricke  Dosimeter  Solution  on  Gamma  Radiolysis 

Run  no. 

i 

Trial 

no. 

k 

Absorbance      Mean  of        Mean  absorbance 
readings       absorbance           A^ 
A.,          readings 

*           A. 

l 

1 

0.448 

1 

.  2 

0.448         0.4473 

3 

0.446 

1 

0.446 

2 

2 

0.446         0.4463 

3 

0.447 

0  /,/,*£ 

1 

0.447 

3 

2 

0.446         0.4467 

3 

0.447 

1 

0.447 

4 

2 

0.446         0.4463 

3 

0.446 

o 

Temperature. . .23  C, 

date... 2-7-66. 

wavelength.. .305  mu,  slit  width... 0.1  mm., 

' 
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a 

Table  C-2.  Absorbance  in  Heavy  Water  Solution  on  Gamma  Radiolysis 

Run  no.      Trial     Absorbance     Mean  of        Mean  absorbance 

i  no.       readings       absorbance         A^ 

k  A.,         readings 

ik 


A. 


1         0.500b 


2  0.A92         0.492 

3  0.492 


0.4922 


1         0.496b 
2  2         0.493         0.4925 

3         0.492 

a  Temperature... 25°C,  wavelength. . .305  my,  slit  width... 0.1  mm.,  date 
6-16-66. 

Data  rejected. 


Calculations 
Exposure  dose  rate  of  the  "Gammacell".  Mean  value  of  the  absorbance  of 
the  light  water  solution  =  0.4466. 
Temperature  of  absorbance  measurement  =  23  C. 

Extinction  coefficient  for  Fe3+  ions  at  23°C  =  2088  liters/mole  cm. 

3 
Density  of  the  solution  =  1.024  gm./cm.  . 

3+ 
G(Fe  ) -value  of  the  solution  =  15.5. 

»   /-»\%     9.65  x  108  x  0.4466 
Absorbed  dose  in  the  solution  (from  Eq.(/;;   -  208S  x  L.024  x  1  x  15.5 

=  13,000  rads. 
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0  499 
Absorbed  dose  in  air  (from  Eq.(l))    =  13,000  x  q^JJ  ■  11,730  rads. 

Exposure  dose  in  air  =  11,730  x   87?  -  13,380  roentgens. 

Duration  of  irradiation  =  3  mins. 

Exposure  dose  rate  =  13,380  *$     m   2.676  x  10  roentgens  per  hour. 

The  exposure  dose  rate  of  the  "Gammacell"  decreases  exponentially  with 
time;  the  decay  constant  of  cobalt-60  is  0.01096  month  . 
(?e3+) -value  of  heavy  water.  Mean  value  of  the  absorbance  of  the  heavy 
water  solution  ■  0.4922. 

Temperature  of  absorbance  measurement  =  25  C. 
Extinction  coefficient  of  Fe   ions  in  the  heavy  water  solution  =  2262 

liters 

mole  cm. 

3 

Density  pf  the  heavy  water  solution  ■  1.117  gm./cm.  . 

Exposure  dose  rate  on  the  day  of  measurement  (calculated)  ■  2.553  x  10 

roentgens  per  hour. 

Absorbed  dose  rate  in  air  =  2.553  x  105  x  0.877  =  2.239  x  105  rads  per  hour. 

Absorbed  dose  rate  in  solution  (from  Eq.  (1))   =  2.239  x  10  x  g^gg  = 

2. 244  x  10  rads  per  hour. 

Duration  of  irradiation  =  3  minutes. 

5   3  4 

Absorbed  dose  in  solution  =  2.24  x  10  x  -^  =  1.122  x  10  rads. 

G(Fe  )-value  of  the  heavy  water  solution  (from  Eq.(7)) 

_     9.65  x  108  x  0.4922 =  l676> 

2262  x  1.122  x  104  x  1.117  x  1 

G(Fe  ) -value  of  heavy  water  solution  _  16.76  =  ^  ^g^ 

3+  15.5 

G(Fe  ) -value  of  light  water  solution 
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APPENDIX  D 

Raw  Data  of 

the  Fast-Neutron  Radiolysis  Experiment 

Lysis 

Table  D-l. 

Abso 

rbance  Readings  in  Fast-Neutron  Radiol 

Run  no.  Sample 
i      no. 
J 

Trial 

no. 

k 

Lipht  Water 

Absorbance 

readings 

Solution 
Mean  of 
absorbance 
readings 
A.. 

Heaw  Water 

Solution 

Absorbance 
readings 
A... 

Mean  of 
absorbance 
readings 
A.  . 

1 

0.042 

0.048 

1 

2 

0.042  - 

0.042 

0.048 

0.0493 

3 

0.042 

0.052 

1 

0.052 

0.048 

1       2 

2 

0.052 

0.0517 

0.045 

0.0457 

3 

0.050 

0.044 

1 

0.044 

0.044 

3 

2 

0.047 

0.0450 

0.043 

0.0427 

3 

0.044 

0.041 

1 

0.047 

0.045 

1 

2 
3 

0.048 
0.048 

0.0477 

0.045 
0.046 

0.0453 

1 

0.048 

0.047 

3       2 

2 
3 

0.048 
0.049 

0.0483 

0.047 
0.045 

0.0463 
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Table  D-l  (continued) 

Light  Water  Solution    Keaw  Water  Solution 
Run  no.   Sample  Trial  Absorbance  Mean  of     Absorbance  Mean  of 


i      no. 


no.   readings    absorbance  readings    absorbance 
k     a..,      readings     A        readings 
J  ijk       a  J        A., 

Ai.i U 


1  0.0A9  0.048 

2  0.050       0.0493      0.049       0.0483 

3  0.049  0.048 


1  0.055  °-057 

2  0.055      0.0553      0.057       0.0573 

3  0.056  0.058 


1      0.056  0.055 


2 


0.056       0.0567      0.054       0.0547 


3      0.058  0.055 


1 

0.058 

0.058 

3 

2 
3 

0.057 
0.057 

0.0573 

0.058 
0.059 

0.0583 

1 

0.071 

0.068 

1 

2 
3 

0.071 
0.072 

0.0713 

0.068 
0.069 

0.0683 

1 

0.073 

0.069 

5 

2 

2 
3 

0.073 
0.074 

0.0733 

0.069 
0.068 

0.0687 
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Table  D-l   (continued) 


Run  no. 

i 

Sample 
no. 
J 

Trial 

no. 

k 

Absorbance 
readings 

A.  .. 

Mean  of 

absorbance 

readings 

A.  . 
H 

Absorbance 
readings 
A.  „ 

Mean  of 

absorbance 

readings 

A .  . 
11 

1 

0.098 

0.068 

3 

2 
3 

0.098 
0.097 

0.0977 

0.069 
0.068 

0.0683 

1 

0.059 

0.057 

1 

2 
3 

0.059 
0.060 

0.0593 

0.057 
0.058 

0.0573 

1 

0.059 

0.057 

6 

2 

2 
3 

0.059 
0.058 

0.0587 

0.058 
0.057 

0.0573 

1 

0.060 

0.058 

3 

2 
3 

0.059 
0.059 

0.0593 

0.057 
0.056 

0.0570 
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APPENDIX  E 

Statistical  Analysis  of  the  Raw  Data  of  the 
Fast-Neutron  Radiolysis  Experiment 

The  analysis  employed  is  that  given  in  Chapter  2  of  reference  (2). 
The  nomenclature  of  the  symbols  used  appears  at  the  end  of  this  Appendix. 
The  sample  calculation  given  here  is  for  the  absorbance  readings  of  the 
three  light  water  samples  in  Run  1.  Table  E-l  shows  the  method  by  which 
the  95%  confidence  limits  of  the  population  means  of  absorbances  of  each 
sample  were  calculated. 

The  95%  confidence  limit  of  the  population  mean  was  calculated  from 
the  equation: 

A ,  -  A, 


i    j 


■f 


i,m 


(E-l) 


The  three  values  A  shown  in  Table  E-l  do  not  fall  within  the  limits  of 
each  other.  In  order  to  elicit  more  information,  the  "L^"  test  and  the 
"F"  test  were  carried  out. 
"L"  Test.  "L"  for  a  set  of  data  is  given  by  the  equation: 

2  1/ni 
n,[n(s/)] 

"L  "  -  -i 1 (E-2) 

1      I(s±2) 


The  calculated  value  of  "L"  equals  0.719.  From  "L^"  tables,  "1^"  =  0.3040 
at  5%  level  and  "L  "  -  0.1615  at  1%  level.  This  means  that  the  probability 
for  the  population  variances  to  be  the  same  is  greater  than  5%. 
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"F"  Test.   "F"  is  calculated  from  the  following  equation: 


X  1    (A..    "A.)2 

L  L       ij 1 


_  2       *■  *•       ij L_  (E-3) 

Se  i 


i  _ 

I    (n.)   A. 


A     --: *- 

J    i 


,T  T   s2 


2 

s 


(E-4) 


I    (A.    -  A  )' 
s2  =  L   \1 £__  (E-5) 


m,p  (^  -  1) 


s2     =n.s2  (E-6) 

P  J     m,p 


"F"    (calculated)   -  -^  =45.8  (E-7) 

s 
e 


From  tables  "F"  =  5.14  at  5%  level  and  "F"  =  10.92  at  1%  level. 

Since  the  calculated  value  of  "F"  is  greater  than  10.92,  only  in  less 
than  1%  of  the  cases  could  the  observed  differences  in  sample  means  be 
explained  on  the  basis  of  the  scatter  of  data.  This  means  that  one  or  more 
of  the  data  sets  have  incurred  a  non-random  error.  Further  analysis  showed 
that  the  second  set  (i=2)  should  be  rejected.  Accepting  sets  1  and  3,  the 
mean  absorbance  was  calculated  by  taking  the  average  of  A1  and  A.^.  The 
deviation  of  the  mean  was  taken  as  equal  to  half  the  square  root  of  the 
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sum  of  the  variances  of  A  and  A  .  The  calculated  value  of  absorbance  was 
found  to  be  equal  to  0.0435  +  5.3  %. 

This  procedure  was  repeated  for  each  run  for  both  light  water  and 
heavy  water  samples.  The  results  of  the  calculations  are  shown  in  Table 
E-2. 

Nomenclature  for  Appendix  E 
A. .      Absorbance  of  the  i   sample  in  j   trial 

t-Ti 

A.       Sample  mean  of  absorbances  in  the  i   sample 

A.       Population  mean  of  absorbances  of  the  i   sample 


i 


i 


i,m 


A  population  mean  defined  by  Eq.  (E-4) 


? 
"F"      Defined  by  Eq.  (E-7) 

ML ,"     Defined  by  Eq.  (E-2) 

n.       Number  of  samples  in  a  run 
i 

n.       Number  of  trials  in  a  sample 
J 

(n.)     Number  of  trials  for  the  i   sample 

s        Estimate  of  error  variance,  defined  by  Eq.  (E-3) 
e 

2 
s  .      Sample  estimate  of  the  population  variance  of  absorbances  of  the 


.th     1 
i   sample 


s  .      Sample  estimate  of  the  variance  of  a  set  of  mean  absorbances  for 


the  x   sample 


2 
s        Variance  of  the  population  of  means,  defined  by  Eq.  (E-5) 
m,p 

2  ' 

s        Defined  by  Eq.  (E-6) 

P 
"t"      Student's  "t",  defined  by  Eq.  (E-l) 

a.  Sample  variance  of  absorbance  of  the  i   sample 
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APPENDIX  F 

Relative  Nuclear  Target  Density  for  Scattering  of  Neutrons 
Created  in  the  (n,2n)  Reaction 

The  secondary  neutron  flux,  created  in  the  (n,2n)  reaction,  depends 
upon  the  volume  and  shape  of  the  container.  Since,  in  the  final  analysis, 
the  amount  of  energy  lost  by  these  neutrons  turns  out  to  be  small  the 
relative  target  nuclear  density  is  calculated  in  an  approximate  manner  as 

follows. 

The  container  is  assumed  to  be  a  sphere  whose  volume  is  equal  to  that 
of  the  container  actually  used.  A  uniform  spherical  source  of  neutrons  is 
assumed  to  be  created  by  the  (n,2n)  reaction  and  is  given  by  the  equation: 

S  =  2N,  o,  ,nV  CF-1) 

v     d   (n,2n) 

where  S  is  the  number  of  neutrons  created  per  cm  per  sec,  per  unit  fast- 
v 

neutron  flux;  N  is  the  density  of  deuterium  nuclei  in  heavy  water,  atoms 

-*  2 

per  cm  ;  and  a,  „  n  is  the  cross-section  for  the  (n,2n)  reaction,  cm  . 
*  (n,2n; 

The  flux  of  neutrons  due  to  this  source  is  a  function  of  position  in 
the  sphere  and  is  a  maximum  at  the  center.   The  maximum  flux,  <f>max#»  is 
given  by  the  equation: 

i  =  S  R  ,  (F-2) 

max .    v  o 

where  R  is  the  radius  of  the  sphere.  For  the  sake  of  simplicity,  the  maxi- 
o 
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mum  flux  is  used  for  calculations  instead  of  the  average  flux. 

The  relative  target  nuclear  density  for  scattering  of  the  secondary 
neutrons  is  then  equal  to  «max>  x  §  or  2Nd  o(n>2n)  RQ  x  f.  Substituting 
the  numerical  values: 

.  2Nd  %,2n)  Ro  *  !  "  2  X<6-°2  *  1<>23  *  M  *  1"1  *  2> 
x  (0.2  x  10"24)  X  2.2  x  f  -  38.7  x  10"3. 
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ABSTRACT 

2+  3+ 

The  G-value  for  the  oxidation  of  Fe   ions  to  Fe   ions  induced  in  the 

heavy  water  Fricke  dosimeter  by  14.6  Mev.  neutrons  was  experimentally  deter- 
mined.  The  G (Fe3+) -value  was  found  to  be  equal  to  11.1+1.0  ions  per  100 

3+ 
ev.  This  was  based  on  a  published  result  of  G(Fe  ) -value  of  10.5  for  the  fast- 
neutron  induced  oxidation  in  light  water.   The  G-value  was  computed  from  the 
measured  ratio  of  absorbances,  at  a  wavelength  of  305  my,  of  heavy  water  and 
light  water  solutions  exposed  to  the  same  time-integrated  neutron  flux. 

The  G-value  for  heavy  water  is  based  on  a  calculated  value  of  the  ratio 

of  the  first  collision  dose  rates  in  light  water  and  heavy  water,  and  also  on 

3+ 
the  published  value  of  the  ratio  of  the  extinction  coefficients  of  Fe   ions 

in  heavy  water  and  light  water  solutions. 

The  n-d  elastic  scattering  was  analyzed  from  the  published  data  of  differ- 
ential cross-sections.  The  insufficient  data  on  the  differential  cross-sections 
for  the  (n,2n)  reaction  necessitated  certain  approximations  in  its  analysis. 

The  calculated  ratio  of  first  collision  dose  rates  in  light  water  and  heavy 

3+ 
water  was  1.165.   The  ratio  of  the  extinction  coefficients  of  Fe   ions  in 

heavy  water  and  light  water  was  taken  to  be  1.068. 

The  fast-neutron  radiolysis  experiment  was  preceded  by  the  two  experiments: 

3+ 
a)  determination  of  the  extinction  coefficients  for  Fe   ions  in  water  (con- 

taining  0.8N  H-SO,)  and  b)  determination  of  the  G(Fe  T) -value  of  heavy  water 
(containing  0.8N  H-SO.)  for  Co-60  gamma  radiolysis.  The  value  of  the  extinction 
coefficient  for  ferric  ions  was  found  to  be  equal  to  2118  liters  per  mole-cm. 
at  25°C.  The  G(Fe  ) -value  was  found  to  be  equal  to  16.8  for  Co-60  gamma  ra- 
diolysis of  heavy  water. 


